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Abstract	
	Semiconductor	 nanowires	 have	 been	 the	 spotlight	 of	 the	 last	 two	 decades	 owing	 to	 their	novel	properties	and	quantum	confinement	properties	with	their	unique	rod-like	structure.	In	particular,	 III-V	semiconductor	nanowires	have	been	shown	as	promising	candidates	 to	serve	as	building	blocks	in	electronic	and	optoelectronic	devices	such	as	transistors,	lasers,	light	emitting	diodes,	photodiodes	and	solar	cells.	Among	the	III-V	semiconductors,	ternary	III-V	 alloy	 semiconductors	 such	 as	 InxGa1-xAs	 have	 the	 advantage	 of	 tunable	 bandgap	 by	varying	 their	alloy	composition.	 InxGa1-xAs	has	a	bandgap	 that	 is	 tunable	 in	between	GaAs	(870	 nm)	 to	 InAs	 (3500	 nm)	 covering	 the	 important	 wavelengths	 used	 in	 optical	telecommunication	systems	and	sensing	in	near	infra-red	region.	Therefore,	it	is	essential	to	gain	 an	 understanding	 and	 control	 of	 ternary	 nanowires	 in	 terms	 of	 their	 composition,	crystal	structure	and	morphology	prior	to	incorporating	them	in	device	applications.			This	 thesis	presents	a	progressive	advancement	of	Au-seeded	 InxGa1-xAs	nanowire	growth	by	 metal-organic	 vapour	 phase	 epitaxy	 (MOVPE),	 towards	 achieving	 highly	 uniform	composition,	morphology	and	pure	crystal	phase.	Several	 techniques	have	been	employed	to	 investigate	 the	 nanowire	 properties.	 Scanning	 and	 transmission	 electron	 microscopy,	atomic	force	microscopy,	X-ray	diffraction	(XRD)	and	energy	dispersive	X-ray	spectroscopy	(EDX)	have	been	used	 for	structural	and	compositional	analysis,	while	photoluminescence	(PL)	has	been	used	to	provide	insight	into	their	optical	properties.		Pure	zinc-blende	(ZB)	phase	InxGa1-xAs	nanowires	are	obtained	via	two-temperature	growth	method.	The	 two-temperature	growth	method	 involves	growing	an	 initial	 stub	at	a	higher	temperature.	Then,	a	lower	growth	temperature	is	employed	as	the	growth	continues.	Low-temperature	growth	is	 found	to	be	a	non-competitive	regime	for	the	two	group	III	species	favouring	 higher	 In	 concentration	 to	 be	 incorporated	 into	 the	 nanowire	 either	 via	 the	vapour-liquid-solid	 (VLS)	mode	 or	 the	 vapour-solid	 (VS)	mode	 on	 the	 nanowire	 sidewall.		InxGa1-xAs	nanowires	with	highly	homogenous	composition	and	pure	ZB	phase	are	achieved	when	the	In	incorporation	rates	in	both	modes	are	equivalent.			
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Homogenous	composition	along	and	across	the	InxGa1-xAs	nanowires	can	also	be	achieved	at	relatively	high	temperatures	with	tunable	phase.	Detailed	TEM	analysis	in	combination	with	the	EDX	show	that	the	crystal	phase	is	dependent	on	the	V/III	ratio,	and	correlates	with	the	Ga	 incorporation	 rate	 in	 the	nanowire.	The	composition	and	crystal	phase	 is	 tunable	with	V/III	ratio	and	Au	seed	particle	size.	 In	particular,	pure	wurtzite	(WZ)	phase,	uniform	and	taper-free	 nanowires	 are	 obtained	 with	 a	 combination	 of	 relatively	 high	 growth	temperature,	 low	V/III	 ratio	and	small	diameter	Au	seed	particle.	The	optimized	pure	WZ	phase	 nanowires	 capped	 with	 InP	 show	 luminescence	 properties	 around	 1.54	 μm,	 a	wavelength	region	of	importance	to	the	optical	fibre	telecommunications.		Understanding	 the	 growth	 evolution	of	 InxGa1-xAs	nanowires	 is	 improved	by	developing	 a	model	 based	 on	 a	 nucleation	 kinetics	 approach.	 The	 modelling	 correlates	 well	 with	 the	experimental	results	revealing	the	key	factors	governing	the	composition	and	growth	rate	of	InxGa1-xAs	nanowires.	Small	diameters	and	low	V/III	ratios	result	 in	As-limited	regime	VLS	growth	while	for	larger	diameter	nanowires	and	higher	V/III	ratios,	the	growth	is	group	III	limited.	The	In	content	in	the	nanowires	is	noticeably	larger	than	that	in	the	vapour	phase	and	this	 is	 found	to	be	highly	related	to	the	high	In	diffusivity	at	higher	temperatures	and	low	cracking	efficiency	of	the	Ga	precursor	at	lower	temperatures.			Finally,	tunable	emission	wavelengths	of	InxGa1-xAs	/InGaP	core-shell	structures	within	the	range	 of	 1100	 –	 1420	 nm	 are	 achieved	 by	 tuning	 the	 shell	 thickness.	 The	 growth	 of	 the	complex	 ternary/ternary	 system	 is	 studied	 using	 TEM	 and	 EDX	 analyses,	 revealing	 some	challenges	 in	 the	 growth	 of	 the	 ternary	 shell	 on	 the	 pure	 phase	WZ	 and	 the	 defective	 ZB	phase	 InxGa1-xAs	 nanowires.	Despite	 the	 challenges,	 the	 emission	 from	 the	 InxGa1-xAs	 core	can	be	tuned	by	changing	the	shell	thickness,	indicating	a	strain	related	blue-shifting	of	the	InxGa1-xAs	bandgap.		Overall	 the	 thesis	makes	a	 significant	progress	 in	understanding	 the	growth	of	Au-seeded	InxGa1-xAs	 nanowires.	 From	 the	 systematic	 study,	 the	 growth	 of	 highly	 uniform	 InxGa1-xAs	nanowires	grown	via	Au-seeded	VLS	method	is	demonstrated.	A	growth	model	is	developed	to	 further	 understand	 the	 growth	 mechanism.	 The	 optimized	 nanowires	 in	 combination	with	an	InP	or	InGaP	shell	show	luminescence	properties	which	is	tunable	within	the	near	infra-red	region	that	is	promising	as	future	optoelectronic	building	blocks	for	near	infra-red	applications.	
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Chapter	1	
Introduction		 		
Overview	
	Nanowires,	 nanowhiskers,	 nanobelts	 or	 in	 general,	 1-dimensional	 (1D)	 semiconductor	nanostructures	have	been	the	subject	of	intense	research	in	the	past	few	decades	since	the	first	attempts	at	understanding	their	growth	mechanism	by	Wagner	and	Ellis	in	the	1960’s	and	Givargizov	in	the	1970’s	[1],	[2].	In	the	late	1990s,	the	research	expanded	significantly	to	 include	 not	 only	 interest	 towards	 the	 understanding	 of	 fundamental	 nanowire	 growth,	but	 also	 exploration	 of	 their	 electronic	 and	 optical	 properties	 as	 well	 as	 for	 device	applications	 [3]–[11].	 As	 part	 of	 the	 still	 expanding	 effort	 in	 the	 field	 of	 semiconductor	nanowire	research,	this	thesis	is	focused	on	trying	to	understand	the	fundamental	nanowire	mechanisms,	 especially	 of	 the	 ternary	 compound	 semiconductor,	 indium	gallium	arsenide	(InGaAs	or	InxGa1-xAs).	The	study	covered	in	the	thesis	provides	insight	into	the	foundation	of	ternary	compound	semiconductor	nanowire	growth,	which	is	highly	tunable	for	various	device	 applications	 including	 transistors,	 lasers,	 photodiodes,	 solar	 cells	 and	 many	 more	high-speed	electronic	and	optoelectronic	devices.	This	chapter	provides	a	brief	introduction	to	 InGaAs	 semiconductor,	 review	 the	 challenges	 and	 progress	 of	 ternary	 III-V	semiconductor	nanowires	including	InGaAs	and	briefly	discusses	the	outline	of	the	thesis.				
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1.1	Ternary	InxGa1-xAs	semiconductor	material	
	InxGa1-xAs	system	is	one	of	the	most	interesting	III-V	ternary	alloy	semiconductors	because	of	several	key	properties	such	as	very	high	carrier	mobility	(µe=~10000	cm2V-1s-1,	µh=~300	cm2V-1s-1)	 and	 a	 large	 range	 of	 direct	 bandgaps	 tunable	 between	 InAs	 and	 GaAs.	 For	example,	InxGa1-xAs	can	be	tuned	to	the	telecommunication	wavelengths	range	of	1.3	-	1.55	µm	 (0.80	 -	 0.95eV)	 and	 to	 an	 even	 longer	 wavelength	 (near	 infra-red,	 NIR)	 region	 for	detection	 applications	 such	 those	 used	 in	 agriculture	 at	 1.9	 µm	 (0.65	 eV)	 and	 in	environmental	monitoring	[12].		
	
Figure	 1.1:	 Band	 gap	 versus	 lattice	 constant	 diagram	 for	 the	 common	 semiconductor	materials.	Highlighted	 line	 represents	 InGaAs	while	 the	 vertical	 line	 across	 InP	 shows	 the	lattice	matched	condition	of	In0.53Ga0.47As	to	InP.		 Figure	 1.1	 shows	 the	 common	 semiconductor	 bandgap	 versus	 lattice	 constant	 at	room	temperature,	highlighting	the	line	representing	InxGa1-xAs	alloys.	As	can	be	observed,	InxGa1-xAs	 bandgap	 can	 be	 tuned	 from	 ~0.35	 to	 1.424	 eV	 and	 the	 lattice	 constant	 varies	between	~5.6	to	above	6.0	Å.			
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The	lattice	constant	of	InxGa1-xAs		given	by	Vergard’s	Law		is:	a	=	6.0583	−	0.405	(1	−	x)		 	 	 	 	 	 (1.1)	At	room	temperature	(300	K)	the	dependency	of	the	energy	gap	on	the	In	content	x	can	be	calculated	using	an	equation	given	by	[13]	as	follows	:		Eg(x)	=	1.425	–	(1.501)	x	+	(2	0.436)	x2	eV	 	 	 	 (1.2)	 	 	 	InxGa1-xAs	can	be	lattice	matched	to	InP	by	tuning	the	composition	to	In0.53Ga0.47As	which	is	highly	 desirable	 especially	 in	 growing	 2-D	 structures	 where	 lattice-matching	 is	 required.	However,	 in	nanowire	 form,	a	higher	 level	of	 strain	 can	be	accommodated	 thus	 InxGa1-xAs	can	 be	 combined	 together	with	many	 other	materials	 such	 as	AlxGa1-xAs,	 InxGa1-xP,	 InxGa1-
xAsyP1-y	 a	 nanowire	 heterostructure	which	 can	 provide	 an	 extension	 to	 their	 tunability	 of	properties	 through	 bandgap	 engineering.	 Heterojunction	 is	 highly	 important	 in	 making	semiconductor	 devices	 [14].	 The	 concept	 of	 nanowire	 heterostructures	 will	 be	 further	discussed	in	chapter	2.	InxGa1-xAs	properties	together	with	other	advantages	of	nanowires	as	shall	 be	 discussed	 later	 in	 chapter	 2,	makes	 InxGa1-xAs	 nanowires	 desirable	 for	 nanowire	devices.	 In	 the	 following	 section,	 a	 review	 on	 ternary	 III-V	 nanowire	 growth	 including	InGaAs	nanowires	and	their	applications	are	presented.		
1.2	Ternary	III-V	semiconductor	nanowires	
	A	wide	range	of	semiconductor	materials	such	as	group	IVs,	III-Vs,	II-Vs,	oxides	and	II-Vs	for	nanowire	growth	have	been	investigated	in	the	last	decades	[3],	[4],	[9],	[15].	In	particular,	III-V	materials	have	been	of	great	interest	due	to	their	outstanding	properties	[3],	[5],	[11],	[16].	Extensive	efforts	have	been	dedicated	to	synthesizing	and	optimizing	III-V	nanowires	because	of	their	demonstrated	superior	optoelectronic	properties,	but	efforts	have	focused	largely	to	date	on	binaries	and	their	heterostructures.	Ternary	III-V	alloys	such	as	InxGa1-xAs,	InxGa1-xP,	InAsxP1-x	and	GaAsxSb1-x	on	the	other	hand	have	not	yet	been	explored	as	deeply	as	the	 binary	 nanowires	 despite	 of	 their	 ability	 to	 access	 a	 larger	 controllable	 range	 of	bandgaps,	 which	 in	 turn	 provides	 more	 room	 for	 tunability	 of	 their	 optical	emission/absorption.	Contrary	 to	 binaries,	 where	 composition	 homogeneity	 is	 achieved	 simply	 by	ensuring	strict	stoichiometry,	easily	accessible	under	a	broad	range	of	growth	parameters,	
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ternary	 nanowires	 suffer	 from	 intrinsic	 issues	 of	 composition	 inhomogeneity	 or	 variation	over	 certain	 growth	 directions.	 Composition	 homogeneity	 is	 highly	 essential	 as	 a	prerequisite	to	use	III-V	ternary	nanowires	in	device	applications.	This	is	to	avoid	additional	problems	 such	 as	 severe	 electron	 scattering	 [17],	 induced	 strain	 field	 or	 any	 other	additional	problem	due	to	the	alloy	fluctuation	in	the	crystal,	such	as	alloy	ordering	affecting	the	 bandgap	 of	 the	 material	 [18].	 In	 addition	 to	 homogeneity,	 having	 control	 over	 the	composition	range	is	important	as	to	be	able	to	provide	the	range	of	properties	afforded	by	the	appropriate	choice	of	alloy	composition.		Nevertheless,	other	common	challenges	encountered	with	many	nanowires	such	as	controlling	 the	morphology	 and	 crystal	 structure	 of	 the	 nanowires	 are	 equally	 important	and	not	avoidable	for	III-V	ternary	nanowires	as	shall	be	discussed	later	 in	this	section.	 In	fact,	they	are	even	more	challenging	as	more	consideration	has	to	be	taken	into	account	for	the	 alloy	 composition.	 Hence,	 there	 is	 still	 plenty	 of	 room	 for	 further	 understanding	 and	optimizing	 ternary	 III-V	 nanowire	 growth	 for	 device	 applications.	 This	 section	 gives	 an	overview	of	the	existing	knowledge	on	growth	and	characteristic	properties	of	ternary	III-V	nanowires	 focusing	 on	 InxGa1-xAs	 nanowires	 including	 recent	 development	 of	 InxGa1-xAs	nanowire	device	applications.					
	
1.2.1	 	Growth	of	ternary	III-V	nanowires			As	 with	 other	 semiconductor	 nanowires,	 ternary	 III-V	 semiconductor	 nanowires	 can	 be	grown	 via	 the	 common	 nanowire	 growth	 methods	 such	 as	 vapour-liquid-solid	 (VLS)	(foreign	 metal	 seed	 or	 self-seeded)	 and	 direct	 (particle-free)	 vapour-solid	 (VS)	 growth	through	methods	 such	as	 selected-area	epitaxy	 (SAE).	These	basic	 concepts	of	 the	growth	methods	will	be	further	discussed	in	chapter	2.	In	this	chapter,	the	focus	is	to	give	a	review	on	 the	 progress	 and	 challenges	 of	 ternary	 III-V	 nanowire	 growth	 including	 InxGa1-xAs	nanowires.	The	review	is	split	into	the	two,	based	on	their	method	of	growth	to	provide	the	insight	on	the	different	challenges	faced	by	each	method.		
1.2.1.1	VLS	growth	of	ternary	III-V	nanowires	
	The	VLS	growth	mechanism	for	binary	III-V	nanowires	has	been	fairly	well	developed	and	shown	to	be	able	 to	control	 the	crystal	 structure,	 size	and	morphology	of	various	systems	including	GaAs,	 InAs,	 InP,	GaP,	GaSb,	 InSb	 [19]–[25],	 and	nitride-based	systems	 [26],	 [27].	
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Hence	 it	 is	 obvious	 that	 the	 fundamental	 mechanisms	 of	 VLS	 growth	 for	 ternary	 III-V	nanowires	 should	 be	 similar	 to	 their	 binaries,	 but	 more	 intricate	 due	 to	 the	 additional	species	involved.		Early	VLS	growths	of	ternary	III-V	nanowires	include	GaAsP	and	InAsP	[28],	InGaN	[29],	AlGaN	[30],	AlGaAs	[31],	[32],	and		InGaAs	[33]	.	Growth	of	Au-seeded	GaAsP	and	InAsP	nanowires	 was	 considered	 successful	 using	 laser-assisted	 catalytic	 growth	 method	 with	composition	 close	 to	 the	 given	 target	 composition	 [28].	 The	 nanowires	 show	nearly	 pure	zinc-blende	phase	and	were	uniform	in	diameter	along	the	 length	of	the	nanowires,	which	exceeded	10	µm	[28].	However	no	composition	tunability	was	reported	in	this	initial	growth	report.	On	the	other	hand,	the	growth	of	self-catalysed	InxGa1-xN	via	low-temperature	halide	chemical	 vapour	 deposition	 has	 been	 shown	 to	 be	 successful	 across	 the	 entire	compositional	 range	 x=0-1	 by	 Kuykendall	 et	 al.	 [29].	 	 As	 indicated	 by	 the	 transmission	electron	microscopy	(TEM)	contrast	for	their	InGaN	nanowires,	no	phase	segregation	or	any	large	 variation	 of	 In	 distribution	was	 observed.	 	 This	was	 believed	 to	 be	 due	 to	 the	 low-temperature	process	and	the	ability	for	nanowires	to	relieve	strain	as	compared	to	growth	of	 InGaN	 thin	 films.	 	 However,	 their	 nanowires	 completely	 lacked	 control	 in	 terms	 of	morphology,	dimensions	and	growth	directions.		Despite	 the	 demonstration	 that	 the	 global	 composition	 in	 a	 nanowire	 ensemble	could	be	tuned	over	the	full	composition	range,	further	studies	on	single	nanowire	revealed	a	more	 complex	 behaviour.	 Detailed	 studies	 of	 VLS	 grown	 AlGaN	 [30],	 AlGaAs	 [31],	 [34],	InGaP	 [35],	 InGaAs	 [36]	 and	 GaAsP	 [37]	 nanowires	 show	 similar	 trends	 in	 terms	 of	composition	inhomogeneity	along	the	nanowire	growth	axis.	This	inhomogeneity	is	believed	to	be	due	to	the	competitive	mode	of	VLS	growth	and	the	vapour-solid	(VS)	growth	on	the	sidewall	of	the	nanowires	[30],	[31],	[36].		Among	these	reports,	Lim	S.	K.	et	al.	[34]	managed	to	control	the	tapering	effect	and	minimise	the	inhomogeneity	of	the	composition	of	Al0.16Ga0.84As	by	growing	the	nanowires	at	 low	 temperature	 (420	 ⁰C)	 and	 low	V/III	 ratio	 (20.0)	 [34].	 This	 control	was	 achievable	based	on	their	understanding	of	how	radial	VS	and	axialVLS	growth	modes	are	affected	by	accessible	by	the	growth	parameters	during	metal-organic	vapour	phase	epitaxy	(MOVPE)	growth.	 In	 their	proposed	mechanism,	 the	decomposition	 rate	 of	TMG	and	TMAl	 together	with	diffusion	rate	of	the	adatoms	were	claimed	to	be	responsible	for	the	formation	of	the	spontaneous	 core-shell	 structure.	 Although	 the	 resulting	 samples	 were	 homogenous	 in	composition,	 their	 study	did	not	 focus	 on	 controlling	 the	 growth	direction,	 hence	 straight	nanowires	were	not	achieved,	likely	due	to	them	growing	on	GaAs	(100)	substrates.	Straight	
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nanowires	 are	 important	 for	 many	 device	 applications	 and	 are	 required	 to	 allow	 for	controlled	 heterostructures	 to	 be	 formed	 within	 the	 nanowires	 (where	 crossing	 and	merging	would	occur	for	nanowires	grown	in	random	directions).		 Later	in	2010,	Wu	et	al.	[38]	reported	that	vertical	Au-seeded	InGaAs	nanowires	can	be	grown	on	InAs	(111)B	substrate	with	reasonable	uniformity	within	a	limited	length.	Non-uniformity	was	claimed	to	be	due	to	the	competition	of	In	adatoms	towards	the	axial	and	the	radial	 growths.	 By	 controlling	 the	 In	 diffusion	 area	 and	 only	 promoting	 axial	 growth,	nanowire	tapering	was	minimised,	which	in	turn,	resulted	in	better	composition	uniformity.	They	found	that	the	diffusion	area	can	be	controlled	by	density	of	the	seed	particles.	This	is	similar	 to	 the	 previous	 work	 shown	 in	 ref.	 [33]	 where	 InGaAs	 nanowires	 grown	 in	 high	density	region	had	better	morphology	with	less	tapering.	However,	this	method	is	limited	by	the	 diffusion	 length	 of	 In	 adatoms	 from	 the	 substrate	 towards	 the	 growth	 front.	 Longer	nanowires	will	 eventually	be	 tapered	due	 to	 the	 insufficient	diffusion	 length	of	 In	 adatom	from	 the	 substrate	 [38].	 	 Furthermore,	 the	 nanowires	 had	 stacking	 faults	 which	 are	undesirable	[39]	and	can	promote	more	radial	growth	[40].	Aside	 from	 the	 composition	 inhomogeneity,	 the	 composition	of	 ternary	nanowires	was	 often	 found	 to	 be	 significantly	 different	 in	 the	 nanowires	 than	 the	 ratio	 of	 the	precursors	 used	 in	 the	 gas	 phase	 [36],	 [41],	 [42].	 For	 example	 in	 GaAsP	 nanowires,	 P	incorporation	into	the	nanowire	via	VLS	is	different	than	the	expected	incorporation	in	thin	film	growth	which	indicates	that	a	different	kinetic	approach	has	to	be	taken	into	account	in	understanding	 the	 growth	 of	 ternary	 alloy	 semiconductor	 nanowires	 grown	 by	 the	 VLS	method	[42].	Growth	of	InAsSb	also	shows	that	incorporation	of	Sb	radially	differs	from	the	VLS	grown	core	[43].	In	other	cases,	limitation	of	species	incorporation	into	solid	nanowire	were	 reported	 [36],	 [44].	 This	 in	 turn	 limits	 the	 composition	 tunability	 of	 the	 alloy	composition.	For	instance,	in	Ga-assisted	growth	of	InGaAs	nanowires,	Heiss	et	al.	[41]	were	only	able	to	incorporate	3-5	%	In	into	the	core	of	their	nanowires	while	the	rest	of	the	In	are	found	 to	 deposit	 on	 the	 sidewalls	 forming	 In-rich	 quantum	 dots.	 Similar	 findings	 were	reported	 for	 growth	 of	 Ga-seeded	 InGaAs	 segments	 on	 GaAs	 nanowires	 where	 In	 only	contributed	to	an	increase	of	diameter	but	was	insufficient	to	incorporate	into	the	nanowire	core	[45].	On	the	other	hand,	Guo	et	al.	[36]	reported	that	InGaAs	nanowires	grown	using	Au	seed	 had	 to	 surpass	 a	 certain	 In	 threshold	 in	 the	 Au	 alloy	 to	 be	 incorporated	 into	 the	nanowire.		Ghalamestani	et	al.	 [46]	 showed	 that	 the	 composition	of	 InGaSb	nanowires	 can	be	affected	by	growth	 temperature	 and	 related	 this	 effect	 to	 the	Au-In-Ga	phase	diagrams.	 It	
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was	claimed	that	the	phase	of	the	Au-alloy	might	change	with	temperature	and	in	their	case,	Ga	 was	 found	 to	 be	 more	 thermodynamically	 favoured	 in	 the	 Au-alloy	 at	 higher	temperatures	 (>450	 ºC)	 leading	 to	more	Ga	 incorporated	 into	 the	 nanowires.	 	 Hence,	 the	role	 of	 Au	 is	 much	 more	 critical	 in	 ternary	 nanowires	 as	 it	 can	 determine	 their	 final	composition.	Therefore	it	is	essential	to	gain	more	knowledge	of	the	growth	mechanism	of	Au	seeded	ternary	nanowires.	The	presence	and	the	amount	of	an	additional	species	can	affect	the	composition	of	the	alloy	particle	which	in	turn	changes	the	nucleation	energy	at	the	interface	of	Au	particle-nanowire,	 thus	 affecting	 the	 nanowire	 crystal	 phase	 and	morphology	 [43].	 The	 interplay	between	the	alloy	composition	and	nucleation	energy	can	also	be	observed	in	the	growth	of	axial	heterostructures	involving	ternary	alloys	where	an	additional	species	is	introduced	to	a	 binary	 stem	 such	 as	 in	 growth	 of	 Au-seeded	 InGaAs	 on	 GaAs	 [47].	 In	 such	 system,	 the	heterointerfaces	 indicates	 that	 there	 is	 a	 significant	 difference	 in	 between	 different	interfaces	 (ie;	 InAs/InGaAs	 and	 InGaAs/InAs	 interface)	 indicating	 that	 the	 VLS	method	 is	sensitive	to	change	in	composition	and	indicates	that	In	can	be	residual	in	the	Au	alloy	even	after	 In	 supply	 is	 ended.	 In	 the	 case	 where	 tunability	 of	 alloy	 composition	 was	 achieved	(InGaAs	and	GaAsP	nanowires	)	[48],	[49],	the	crystal	phase	was	shown	to	be	affected	by	the	composition,	although	no	clear	trend	was	observed.		From	these	reports,	 it	 is	clear	that	the	composition	plays	a	large	role	in	controlling	the	 crystal	 phase,	 which	 result	 from	 the	 change	 at	 the	 alloy	 particle-nanowire	 interface.	However	 no	 clear	 understanding	 is	 yet	 presented	 for	 such	 a	 trend.	 These	 trends	 clearly	indicate	 that	 alloying	 phase	 and	 composition	 of	 the	 seed	 particle	 is	 highly	 important	 and	solubility	 of	 individual	 species	 may	 affect	 the	 final	 nanowire	 composition	 when	 growing	ternary	nanowires.	Other	than	the	composition	inhomogeneity	caused	by	the	competition	between	VLS	and	VS	growth	modes,	 there	are	also	reports	on	segregation	of	species	 in	certain	 facets	 in	ternary	 nanowires	 leading	 to	 inhomogeneity	 of	 composition	 across	 the	 nanowire.	 For	example,	As-rich	bands	 in	 the	corner	of	 the	side	 facets	has	been	observed	 in	GaAsSb	 [50],	[51].	Other	ternary	nanowires	such	as	InGaAs	and	GaAsP	also	show	In-rich	and	P-rich	bands	in	 the	 <112>	 direction	 respectively	 [37],	 [52].	 Similar	 type	 of	 segregation	 has	 also	 been	previously	observed	in	AlxIn1-XP	shell	[53],	[54],	AlGaAs	shell	nanowires	[55]–[58]	and	more	recently	reported	in	GaAsP	shell	[59]	grown	on	GaAs	core	nanowire.	The	mechanism	behind	the	formation	of	this	segregation	is	believed	to	be	due	to	the	difference	in	adatom	diffusion	length	 on	 different	 facets	 [53].	 Although	 it	 leads	 to	 inhomogeneity	 in	 the	 nanowire,	 this	
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spontaneously	formed	segregation	can	be	beneficial	in	designing	the	quantum	confinement	region	within	a	nanowire	[60].		Overall	from	these	reports,	VLS	ternary	III-V	nanowires	including	InGaAs	are	yet	to	be	 optimised	 for	 simultaneously	 achieving	 composition	 homogeneity,	 crystal	 phase	
purity	 and	 desirable	 untapered	 vertical	 morphology	 suitable	 for	 device	 applications.	Correlation	between	crystal	phase	and	composition	has	been	presented	and	remains	as	an	interesting	 area	 to	 be	 explored.	 Such	 observation	 can	 provide	 more	 knowledge	 on	 the	limitation	and	interplay	between	the	composition	and	crystal	phase	of	VLS	nanowires.	The	growth	 of	 VLS	 ternary	 III-V	 nanowires	 is	 certainly	 complex,	 particularly	 when	 involving	other	 metals	 such	 as	 Au.	 Understanding	 the	 growth	 mechanism	 behind	 all	 these	observations	 is	 required	 to	 control	 the	 growth	 of	 ternary	 nanowires	 with	 desired	properties.		
1.2.1.2		Particle/droplet	free	growth	of	InGaAs	nanowires		Apart	from	VLS	growth,	ternary	III-V	nanowires	can	also	be	grown	without	the	apparent	use	of	a	droplet.	Self-assembled	growth	of	InxGa1-xAs	nanowires	grown	on	Si	reported	by	Shin	et	
al.	 [61]	 show	 composition	 inhomogeneity	 despite	 of	 being	 taper-free.	 The	 inhomogeneity	was	 indicated	 by	 the	 strain	 related	 bending	 their	 nanowires.	 The	 composition	 was	 also	found	 to	 be	 related	 to	 the	 crystal	 phase	where	 In-rich	 InGaAs	 had	 a	 higher	 density	 of	 ZB	segments	 than	the	Ga-rich	 InGaAs.	However	over	 the	wide	range	of	composition	reported,	nanowires	are	highly	defective	[61].	On	the	other	hand,	pure	WZ	phase	micro-sized	InGaAs	pillars	were	 reported	with	high	 composition	uniformity	 as	 shown	by	EDX	mapping	of	 the	pillars	 [62],	 [63].	 However	 these	 large	 cone-shape	 pillars	 and	 the	 low	 density	 could	 limit	their	application	in	devices.				Growth	of	InGaAs	nanowires	on	graphene	were	successfully	demonstrated	using	van	der	 Waals	 epitaxy	 [64].	 However	 the	 nanowires	 spontaneously	 formed	 a	 core-shell	structure	with	 InAs	 core	and	 InGaAs	 shell.	 The	 core-shell	 structure	was	elucidated	due	 to	the	 use	 of	 graphene	 substrate,	 where	 InAs	 core	was	 formed	 as	 its	 lattice	 parameter	was	nearly	matched	to	that	of	the	graphene	substrate.		SAE	 growths	 of	 tunable	 InGaAs	 nanowires	 with	 uniform	 composition	 along	 the	nanowires	have	been	reported	[65]–[69].	A	recent	review	of	InGaAs	nanowires	grown	on	Si	reported	 that	 the	 nanowires	were	more	 uniform	 in	 composition	 from	wire	 to	wire	when	grown	by	SAE	as	compared	to	self-assembled	growth	[70].	This	was	claimed	to	be	due	to	the	
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uniform	 arrays	 contributing	 to	 a	 more	 uniform	 composition	 of	 InGaAs	 among	 the	nanowires.	However	these	nanowires	grown	by	particle-free	SAE	methods	still	suffer	from	a	high	density	of	stacking	faults	[65]–[70].			From	the	limited	amount	of	particle-free	growth	of	ternary	InGaAs	nanowires,	it	can	be	 concluded	 that	 these	 nanowires	 can	 be	 obtained	 with	 uniform	 composition	 far	 more	easily	due	to	the	absence	of	a	metal	seed	which	creates	anisotropy	in	adatom	incorporation.	However	 this	 growth	method	 still	 faces	 severe	 challenges	 such	 as	 the	 lack	 of	 the	 crystal	phase	 purity	 or	 the	 limitation	 in	 certain	 cases	 to	 tunability	 over	 a	 restricted	 composition	range.		
	
1.2.2	 	Application	of	ternary	III-V	nanowires	in	devices			Despite	some	issues	in	either	the	crystal	phase	or	the	composition,	ternary	III-V	nanowires	have	already	been	used	in	some	devices.	Sun	and	Ng	et	al.	[63],	[71],	have	reported	lasing	in	their	InGaAs	nanopillars	grown	on	Si	despite	the	In	deficient	segment	within	their	structure.		A	 good	 p-n	 junction	 was	 demonstrated	 in	 a	 photovoltaic	 device	 fabricated	 by	 Shin	 et	 al.	using	InGaAs	nanowires	despite	the	polytypic	crystal	structure	[61].		Single	GaAsP	nanowire	solar	cell	[72]	and	ternary	nanowires	transistors	[73]–[75]	were	successfully	fabricated	and	characterised.	 However,	 these	 reports	 do	 not	 give	 any	 structural	 or	 composition	 detail.	Nonetheless	the	reported	devices	clearly	highlight	the	potential	of	ternary	nanowires.		Additionally,	 nanowire	 devices	 incorporating	 heterostructures	 containing	 ternary	alloy	materials	 have	 also	 been	demonstrated	 as	 light	 emitters	 from	 InGaAs	quantum	dots	embedded	 in	GaAs	nanowires	 [76];	 	 InGaN	multi	quantum	well	 laser	 [77],	 solar	 cells	with	InGaAs/GaAs	axial	junction	[78]	and	InGaAs/GaAsP/GaAs	LEDs	[79].		All	 these	 reports	 briefly	mentioned	 here,	 show	 that	 ternary	 nanowires	 hold	 great	promise	 in	 becoming	 the	 building	 blocks	 that	 are	 tunable	 in	 bandgap	 and	 can	 provide	 a	greater	 range	 of	 properties	 required	 for	 advanced	 device	 architectures.	 Through	 greater	control	 and	 understanding	 of	 the	 growth	 fundamentals	 of	 ternary	 nanowires	 and	 their	heterostructures,	 the	control	over	 their	properties	 such	as	 crystal	phase,	 composition	and	morphology	 could	 be	 achieved,	 leading	 to	 devices	 with	 improved	 performance	 and	functionality.			
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1.2.3	 	Ternary	III-V	nanowires	review	summary		
	
In	 summary,	 the	 brief	 review	 of	 the	 growth	 of	 ternary	 group	 III-V	 has	 been	 presented.	Ternary	III-V	nanowires	are	challenging	due	to	the	composition	inhomogeneity	of	the	alloy	within	the	nanowire.	Despite	some	of	the	reported	composition	homogeneity,	there	are	still	some	issues	such	as	defects,	crystal	phase	control,	tapering,	and	time	dependent	limitation	as	presented	briefly	in	this	chapter.	Hence,	this	thesis	is	devoted	towards	understanding	the	growth	of	one	ternary	alloy	 III-V	semiconductor,	InGaAs.	The	objective	 is	 to	gain	 in-depth	knowledge	 of	 how	 Au-seeded	 InGaAs	 nanowires	 grow	 under	 different	 growth	 conditions	and	 how	 to	 control	 the	 growth	 and	 properties	 of	 these	 Au-seeded	 InGaAs	 nanowires	 to	simultaneously	achieve	desired	morphological,	crystal	phase	and	composition	homogeneity.	Composition	tunability	and	the	effect	of	composition	on	the	crystal	structure	are	two	other	interesting	areas	to	be	further	understood	in	order	to	be	able	to	control	growth	of	ternary	nanowires.	By	having	control	of	the	composition	of	ternary	nanowires	and	their	structural	properties,	 more	 complex	 heterostructures	 and	 devices	 can	 be	 realised	 with	 improved	performance.			
1.3	Thesis	synopsis	
	This	thesis	is	divided	into	8	chapters.		The	 first	 (current)	 introduction	 chapter	 includes	 the	basics	 of	 InGaAs	 as	 a	 semiconductor	material,	 a	 brief	 review	 of	 ternary	 III-V	 nanowires	 and	 introduces	 the	 global	 aims	 of	 this	thesis.	 This	 chapter	 also	 highlights	 the	 areas	 which	 require	 attention	 which	 could	 be	enhanced	 further	 to	 improve	 our	 knowledge	 in	 understanding	 the	 growth	mechanism	 of	ternary	 alloy	 nanowires,	 especially	 InGaAs	 nanowires	 which	 has	 great	 potential	 in	 high-speed	telecommunication	and	near	infra-red	application.	Chapter	 2	 discusses	 the	 basic	 concepts	 of	 semiconductor	 nanowires,	 growth	 of	nanowires	and	their	heterostructures	and	their	crystallographic	structural	properties.			Chapter	3	describes	the	experimental	technique	used	in	this	study.	The	first	section	in	 this	 chapter	explains	 the	growth	method	used	 for	growing	 InGaAs	nanowires	 including	the	wafer	preparation	and	MOVPE.	The	following	4	sections	in	the	chapter	briefly	discussthe	techniques	 used	 to	 characterise	 the	 nanowires	 including	 electron	 microscopy	 and	photoluminescence	technique.	
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In	 chapter	 4,	 the	 results	 obtained	 via	 two-temperature	 growth	 method	 are	discussed.	Although	 the	 two-temperature	 growth	 technique	has	 been	 a	 great	 a	 success	 to	synthesise	high	quality	GaAs	nanowires,	 it	 is	more	 challenging	 in	 growing	 ternary	 InGaAs	nanowires	which	results	 in	further	complexity.	This	chapter	discusses	the	effect	of	growth	temperature,	 precursor	 ratios	 and	 vapour	 composition.	 Albeit	 challenging,	 successful	InGaAs	nanowires	with	pure	ZB	phase	could	be	achieved	for	high	In	content	(In0.95Ga0.05As).	Such	 nanowires	 are	 useful	 to	 replace	 InAs	 nanowires	 as	 they	 have	 lower	 leakage	 current	due	 to	 the	 larger	bandgap	with	 the	 introduction	of	Ga.	Hence,	 it	 is	highly	 important	 to	be	able	to	grow	such	structures	with	highly	pure	crystal	phase	in	order	to	realise	fast-switching	devices	which	require	high	electron	mobility.	In	 chapter	 5,	 growth	 of	 InGaAs	 nanowires	 aiming	 at	 a	 uniform	 pure	 WZ	 crystal	structure	 and	 high	 compositional	 homogeneity	 is	 presented.	 V/III	 ratio	 is	 shown	 to	 have	control	 over	 the	 tunability	 of	 InGaAs	 composition	 and	 crystal	 phase.	 The	 key	 factors	 for	achieving	uniform	composition	are	summarised.	In0.65Ga0.35As	nanowires	are	shown	to	grow	with	negligible	 tapering,	uniform	composition	and	were	shown	to	have	strong	emission	at	the	 desirable	 wavelength	 for	 telecommunications	 applications	 around	 1.55	 µm	 when	capped	with	an	InP	shell.		A	growth	model	 is	then	proposed	and	developed	to	further	understand	the	growth	trend	observed	as	detailed	in	chapter	6.	The	main	factors	affecting	the	axial	growth	rate	and	the	composition	of	InGaAs	nanowires	are	extracted	based	on	correlation	of	the	model	to	the	experimental	results.		The	model	provides	a	better	understanding	on	the	growth	of	InGaAs	nanowires.	Chapter	 7	 shows	 and	 discusses	 the	 results	 of	 InGaAs/InGaP	 core-shell	heterostructures.	 It	explores	tuning	of	 the	bandgap	of	 the	InGaAs	core	 	using	various	shell	thickness.	The	chapter	also	discusses	the	growth	of	InGaP	shell	on	WZ	phase	InGaAs	and	ZB	InGaAs	nanowires.	The	bandgap	of	 InGaAs	nanowires	 is	 shown	 to	be	 tunable	using	 InGaP	shell	with	various	shell	thicknesses.		Finally,	 conclusions	 and	 future	 work	 are	 provided	 in	 chapter	 8	 discussing	 the	outcomes	achieved	from	the	thesis	and	potential	research	extension	that	can	be	followed	to	develop	 more	 knowledge	 and	 potential	 devices	 based	 on	 ternary	 and	 quaternary	 alloy	nanowires.			
1.	Introduction		
	
12	
	
	
References	
[1]	 R.	S.	Wagner	and	W.	C.	Ellis,	“Vapor-liquid-solid	mechanism	of	single	crystal	growth,”	
Appl.	Phys.	Lett.,	vol.	4,	no.	5,	pp.	89–90,	1964.	[2]	 E.	I.	Givargizov,	“Fundamental	aspects	of	VLS	growth,”	J.	Cryst.	Growth,	vol.	31,	pp.	20–30,	1975.	[3]	 K.	A.	Dick,	“A	review	of	nanowire	growth	promoted	by	alloys	and	non-alloying	elements	with	emphasis	on	Au-assisted	III-V	nanowires,”	Prog.	Cryst.	Growth	Charact.	
Mater.,	vol.	54,	no.	3–4,	pp.	138–173,	2008.	[4]	 S.	A.	Fortuna	and	X.	Li,	“Metal-catalyzed	semiconductor	nanowires:	a	review	on	the	control	of	growth	directions,”	Semicond.	Sci.	Technol.,	vol.	25,	no.	2,	p.	024005,	2010.	[5]	 R.	R.	Lapierre,	A.	C.	E.	Chia,	S.	J.	Gibson,	C.	M.	Haapamaki,	J.	Boulanger,	R.	Yee,	P.	Kuyanov,	J.	Zhang,	N.	Tajik,	N.	Jewell,	and	K.	M.	A.	Rahman,	“III-V	nanowire	photovoltaics:	Review	of	design	for	high	efficiency,”	Phys.	Status	Solidi	-	Rapid	Res.	
Lett.,	vol.	7,	no.	10,	pp.	815–830,	2013.	[6]	 L.	Vj,	J.	Oh,	A.	P.	Nayak,	A.	M.	Katzenmeyer,	K.	Gilchrist,	S.	Grego,	N.	P.	Kobayashi,	S.	Wang,	A.	A.	Talin,	N.	K.	Dhar,	and	M.	M.	Islam,	“A	Perspective	on	Nanowire	Photodetectors:	Current	Status,	Future	Challenges,	and	Opportunities,”	Sel.	Top.	
Quantum	Electron.	IEEE	J.,	vol.	PP,	no.	99,	pp.	1–31,	2011.	[7]	 C.	Soci,	A.	Zhang,	X.-Y.	Bao,	H.	Kim,	Y.	Lo,	and	D.	Wang,	“Nanowire	photodetectors.,”	J.	
Nanosci.	Nanotechnol.,	vol.	10,	no.	3,	pp.	1430–1449,	2010.	[8]	 E.	C.	Garnett,	M.	L.	Brongersma,	Y.	Cui,	and	M.	D.	McGehee,	“Nanowire	Solar	Cells,”	
Annu.	Rev.	Mater.	Res.,	vol.	41,	no.	1,	pp.	269–295,	2011.	[9]	 S.	Barth,	F.	Hernandez-Ramirez,	J.	D.	Holmes,	and	A.	Romano-Rodriguez,	“Synthesis	and	applications	of	one-dimensional	semiconductors,”	Prog.	Mater.	Sci.,	vol.	55,	no.	6,	pp.	563–627,	2010.	[10]	 X.	Zhuang,	C.	Z.	Ning,	and	A.	Pan,	“Composition	and	bandgap-graded	semiconductor	alloy	nanowires,”	Adv.	Mater.,	vol.	24,	no.	1,	pp.	13–33,	2012.	[11]	 L.-E.	Wernersson,	C.	Thelander,	E.	Lind,	and	L.	Samuelson,	“III-V	Nanowires	-	Extending	a	Narrowing	Road,”	Proc.	IEEE,	vol.	98,	no.	12,	pp.	2047–2060,	2010.	[12]	 A.	Rogalski	and	K.	Chrzanowski,	“Infrared	devices	and	techniques,”	Optoelectron.	Rev.,	vol.	10,	no.	2,	pp.	653–691,	2002.	[13]	 R.	E.	Nahory,	M.	A.	Pollack,	W.	D.	Johnston,	and	R.	L.	Barns,	“Band	gap	versus	composition	and	demonstration	of	Vegard’s	law	for	In1−xGaxAsyP1−y	lattice	matched	to	InP,”	Appl.	Phys.	Lett.,	vol.	33,	no.	7,	p.	659,	Aug.	1978.	[14]	 S.	M.	Sze,	Physics	of	Semiconductor	Devices,	2nd	ed.	John	Wiley	&	Sons,	1981.	
1.	Introduction		
	
13	
	
	
[15]	 Y.	Li,	F.	Qian,	J.	Xiang,	and	C.	M.	Lieber,	“Nanowire	electronic	and	optoelectronic	devices	Electronic	and	optoelectronic	devices	impact	many	areas	of	society	,	from,”	
Mater.	Today,	vol.	9,	no.	10,	pp.	18–27,	2006.	[16]	 H.	J.	Joyce,	Q.	Gao,	H.	Hoe	Tan,	C.	Jagadish,	Y.	Kim,	J.	Zou,	L.	M.	Smith,	H.	E.	Jackson,	J.	M.	Yarrison-Rice,	P.	Parkinson,	and	M.	B.	Johnston,	“III-V	semiconductor	nanowires	for	optoelectronic	device	applications,”	Prog.	Quantum	Electron.,	vol.	35,	no.	2–3,	pp.	23–75,	2011.	[17]	 J.	W.	Harrison	and	J.	R.	Hauser,	“Alloy	scattering	in	ternary	III-V	compounds,”	Phys.	
Rev.	B,	vol.	13,	no.	12,	1976.	[18]	 M.	Ichimura	and	A.	Sasaki,	“Short-range	order	in	III-V	ternary	alloy	semiconductors,”	
J.	Appl.	Phys.,	vol.	60,	no.	11,	pp.	3850–3855,	1986.	[19]	 P.	Caroff,	M.	E.	Messing,	B.	Mattias	Borg,	K.	A.	Dick,	K.	Deppert,	and	L.-E.	Wernersson,	“InSb	heterostructure	nanowires:	MOVPE	growth	under	extreme	lattice	mismatch.,”	
Nanotechnology,	vol.	20,	no.	49,	p.	495606,	2009.	[20]	 H.	D.	Park,	S.	M.	Prokes,	M.	E.	Twigg,	Y.	Ding,	and	Z.	L.	Wang,	“Growth	of	high	quality,	epitaxial	InSb	nanowires,”	J.	Cryst.	Growth,	vol.	304,	no.	2,	pp.	399–401,	Jun.	2007.	[21]	 K.	A.	Dick,	K.	Deppert,	L.	Samuelson,	L.	R.	Wallenberg,	and	F.	M.	Ross,	“Control	of	GaP	and	GaAs	nanowire	morphology	through	particle	and	substrate	chemical	modification,”	Nano	Lett.,	vol.	8,	no.	11,	pp.	4087–4091,	2008.	[22]	 H.	J.	Joyce,	Q.	Gao,	J.	Wong-Leung,	Y.	Kim,	H.	H.	Tan,	and	C.	Jagadish,	“Tailoring	GaAs,	InAs,	and	InGaAs	nanowires	for	optoelectronic	device	applications,”	IEEE	J.	Sel.	Top.	
Quantum	Electron.,	vol.	17,	no.	4,	pp.	766–778,	2011.	[23]	 K.	A.	Dick,	J.	Bolinsson,	M.	E.	Messing,	S.	Lehmann,	J.	Johansson,	and	P.	Caroff,	“Parameter	space	mapping	of	InAs	nanowire	crystal	structure,”	J.	Vac.	Sci.	Technol.	B	
Microelectron.	Nanom.	Struct.,	vol.	29,	no.	4,	p.	04D103,	2011.	[24]	 K.	A.	Dick,	K.	Deppert,	L.	Samuelson,	and	W.	Seifert,	“Optimization	of	Au-assisted	InAs	nanowires	grown	by	MOVPE,”	J.	Cryst.	Growth,	vol.	297,	no.	2,	pp.	326–333,	2006.	[25]	 K.	A.	Dick,	P.	Caroff,	J.	Bolinsson,	M.	E.	Messing,	J.	Johansson,	K.	Deppert,	L.	R.	Wallenberg,	and	L.	Samuelson,	“Control	of	III–V	nanowire	crystal	structure	by	growth	parameter	tuning,”	Semicond.	Sci.	Technol.,	vol.	25,	no.	2,	p.	024009,	Feb.	2010.	[26]	 C.	C.	Chen	and	C.	C.	Yeh,	“Large-scale	catalytic	synthesis	of	crystalline	gallium	nitride	nanowires,”	Adv.	Mater.,	vol.	12,	no.	10,	pp.	738–741,	2000.	[27]	 K.	W.	Chang	and	J.	J.	Wu,	“Low-temperature	catalytic	synthesis	of	gallium	nitride	nanowires,”	J.	Phys.	Chem.	B,	vol.	106,	no.	32,	pp.	7796–7799,	2002.	[28]	 X.	Duan	and	C.	M.	Lieber,	“General	synthesis	of	compound	semiconductor	nanowires,”	
Adv.	Mater.,	vol.	12,	no.	4,	pp.	298–302,	2000.	
1.	Introduction		
	
14	
	
	
[29]	 T.	Kuykendall,	P.	Ulrich,	S.	Aloni,	and	P.	Yang,	“Complete	composition	tunability	of	InGaN	nanowires	using	a	combinatorial	approach.,”	Nat.	Mater.,	vol.	6,	no.	12,	pp.	951–956,	2007.	[30]	 J.	Su,	M.	Gherasimova,	G.	Cui,	H.	Tsukamoto,	J.	Han,	T.	Onuma,	M.	Kurimoto,	S.	F.	Chichibu,	C.	Broadbridge,	Y.	He,	and	A.	V.	Nurmikko,	“Growth	of	AlGaN	nanowires	by	metalorganic	chemical	vapor	deposition,”	Appl.	Phys.	Lett.,	vol.	87,	no.	18,	pp.	1–3,	2005.	[31]	 C.	Chen,	S.	Shehata,	C.	Fradin,	R.	LaPierre,	C.	Couteau,	and	G.	Weihs,	“Self-directed	growth	of	AlGaAs	core-shell	nanowires	for	visible	light	applications,”	Nano	Lett.,	vol.	7,	no.	9,	pp.	2584–2589,	2007.	[32]	 Z.	H.	Wu,	M.	Sun,	X.	Y.	Mei,	and	H.	E.	Ruda,	“Growth	and	photoluminescence	characteristics	of	AlGaAs	nanowires,”	Appl.	Phys.	Lett.,	vol.	85,	no.	4,	pp.	657–659,	2004.	[33]	 Y.	Kim,	H.	J.	Joyce,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	M.	Paladugu,	J.	Zou,	and	A.	A.	Suvorova,	“Influence	of	nanowire	density	on	the	shape	and	optical	properties	of	ternary	InGaAs	nanowires,”	Nano	Lett.,	vol.	6,	no.	4,	pp.	599–604,	2006.	[34]	 S.	K.	Lim,	M.	J.	Tambe,	M.	M.	Brewster,	and	S.	Gradecak,	“Controlled	growth	of	ternary	alloy	nanowires	using	metalorganic	chemical	vapor	deposition.,”	Nano	Lett.,	vol.	8,	no.	5,	pp.	1386–1392,	2008.	[35]	 A.	Fakhr,	Y.	M.	Haddara,	and	R.	R.	Lapierre,	“Dependence	of	InGaP	nanowire	morphology	and	structure	on	molecular	beam	epitaxy	growth	conditions.,”	
Nanotechnology,	vol.	21,	no.	16,	p.	165601,	2010.	[36]	 Y.	N.	Guo,	H.	Y.	Xu,	G.	J.	Auchterlonie,	T.	Burgess,	H.	J.	Joyce,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	H.	B.	Shu,	X.	S.	Chen,	W.	Lu,	Y.	Kim,	and	J.	Zou,	“Phase	separation	induced	by	Au	catalysts	in	ternary	InGaAs	nanowires,”	Nano	Lett.,	vol.	13,	no.	2,	pp.	643–650,	2013.	[37]	 W.	Sun,	Y.	Huang,	Y.	Guo,	Z.	M.	Liao,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	X.	Z.	Liao,	and	J.	Zou,	“Spontaneous	formation	of	core–shell	GaAsP	nanowires	and	their	enhanced	electrical	conductivity,”	J.	Mater.	Chem.	C,	vol.	3,	no.	8,	pp.	1745–1750,	2015.	[38]	 J.	Wu,	B.	M.	Borg,	D.	Jacobsson,	K.	A.	Dick,	and	L.	E.	Wernersson,	“Control	of	composition	and	morphology	in	InGaAs	nanowires	grown	by	metalorganic	vapor	phase	epitaxy,”	J.	Cryst.	Growth,	vol.	383,	pp.	158–165,	2013.	[39]	 C.	Thelander,	P.	Caroff,	S.	Plissard,	A.	W.	Dey,	and	K.	A.	Dick,	“Effects	of	crystal	phase	mixing	on	the	electrical	properties	of	InAs	nanowires,”	Nano	Lett.,	vol.	11,	no.	6,	pp.	2424–2429,	2011.	[40]	 P.	J.	Poole,	D.	Dalacu,	X.	Wu,	J.	Lapointe,	and	K.	Mnaymneh,	“Interplay	between	crystal	phase	purity	and	radial	growth	in	InP	nanowires,”	Nanotechnology,	vol.	23,	no.	38,	p.	385205,	2012.	[41]	 M.	Heiss,	B.	Ketterer,	E.	Uccelli,	J.	R.	Morante,	J.	Arbiol,	and	A.	Fontcuberta	i	Morral,	“In(Ga)As	quantum	dot	formation	on	group-III	assisted	catalyst-free	InGaAs	nanowires.,”	Nanotechnology,	vol.	22,	no.	19,	p.	195601,	2011.	
1.	Introduction		
	
15	
	
	
[42]	 Y.	Y.	Zhang,	M.	Aagesen,	J.	V	Holm,	H.	I.	Jorgensen,	J.	Wu,	and	H.	Y.	Liu,	“Self-Catalyzed	GaAsP	Nanowires	Grown	on	Silicon	Substrates	by	Solid-Source	Molecular	Beam	Epitaxy,”	Nano	Lett.,	vol.	13,	pp.	3897–3902,	2013.	[43]	 T.	Xu,	K.	A.	Dick,	S.	Plissard,	T.	H.	Nguyen,	Y.	Makoudi,	M.	Berthe,	J.-P.	Nys,	X.	Wallart,	B.	Grandidier,	and	P.	Caroff,	“Faceting,	composition	and	crystal	phase	evolution	in	III–V	antimonide	nanowire	heterostructures	revealed	by	combining	microscopy	techniques,”	Nanotechnology,	vol.	23,	no.	9,	p.	095702,	2012.	[44]	 M.	Heiss,	A.	Gustafsson,	S.	Conesa-Boj,	F.	Peiró,	J.	R.	Morante,	G.	Abstreiter,	J.	Arbiol,	L.	Samuelson,	and	A.	Fontcuberta	i	Morral,	“Catalyst-free	nanowires	with	axial	InxGa1-xAs/GaAs	heterostructures.,”	Nanotechnology,	vol.	20,	no.	7,	p.	075603,	2009.	[45]	 J.	Paek,	M.	Yamaguchi,	and	H.	Amano,	“MBE-VLS	growth	of	catalyst-free	III-V	axial	heterostructure	nanowires	on	(1	1	1)Si	substrates,”	J.	Cryst.	Growth,	vol.	323,	no.	1,	pp.	315–318,	2011.	[46]	 S.	G.	Ghalamestani,	M.	Ek,	M.	Ghasemi,	P.	Caroff,	J.	Johansson,	and	K.	A.	Dick,	“Morphology	and	composition	controlled	GaxIn1-xSb	nanowires:	understanding	ternary	antimonide	growth.,”	Nanoscale,	vol.	6,	no.	2,	pp.	1086–92,	2014.	[47]	 J.	Bauer,	V.	Gottschalch,	H.	Paetzelt,	and	G.	Wagner,	“VLS	growth	of	GaAs/(InGa)As/GaAs	axial	double-heterostructure	nanowires	by	MOVPE,”	J.	Cryst.	
Growth,	vol.	310,	no.	23,	pp.	5106–5110,	2008.	[48]	 C.	S.	Jung,	H.	S.	Kim,	G.	B.	Jung,	K.	J.	Gong,	Y.	J.	Cho,	S.	Y.	Jang,	C.	H.	Kim,	C.	W.	Lee,	and	J.	Park,	“Composition	and	phase	tuned	InGaAs	alloy	nanowires,”	J.	Phys.	Chem.	C,	vol.	115,	no.	16,	pp.	7843–7850,	2011.	[49]	 H.	S.	Im,	C.	S.	Jung,	K.	Park,	D.	M.	Jang,	Y.	R.	Lim,	and	J.	Park,	“Band	gap	tuning	of	twinned	GaAsP	ternary	nanowires,”	J.	Phys.	Chem.	C,	vol.	118,	no.	8,	pp.	4546–4552,	2014.	[50]	 S.	Conesa-Boj,	D.	Kriegner,	X.	L.	Han,	S.	Plissard,	X.	Wallart,	J.	Stangl,	A.	Fontcuberta	I	Morral,	and	P.	Caroff,	“Gold-free	ternary	III-V	antimonide	nanowire	arrays	on	silicon:	Twin-free	down	to	the	first	bilayer,”	Nano	Lett.,	vol.	14,	no.	1,	pp.	326–332,	2014.	[51]	 X.	Yuan,	P.	Caroff,	J.	Wong-Leung,	H.	H.	Tan,	and	C.	Jagadish,	“Controlling	the	morphology,	composition	and	crystal	structure	in	gold-seeded	GaAs			1−x	Sb	x	nanowires,”	Nanoscale,	vol.	7,	no.	11,	pp.	4995–5003,	2015.	[52]	 Y.	N.	Guo,	T.	Burgess,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	and	J.	Zou,	“Polarity-driven	nonuniform	composition	in	InGaAs	nanowires,”	Nano	Lett.,	vol.	13,	no.	11,	pp.	5085–5089,	2013.	[53]	 N.	Sköld,	J.	B.	Wagner,	G.	Karlsson,	T.	Hernán,	W.	Seifert,	M.-E.	Pistol,	and	L.	Samuelson,	“Phase	segregation	in	AlInP	shells	on	GaAs	nanowires.,”	Nano	Lett.,	vol.	6,	no.	12,	pp.	2743–2747,	2006.	[54]	 J.	B.	Wagner,	N.	Sköld,	L.	Reine	Wallenberg,	and	L.	Samuelson,	“Growth	and	segregation	of	GaAs-AlxIn1-xP	core-shell	nanowires,”	J.	Cryst.	Growth,	vol.	312,	no.	10,	pp.	1755–1760,	2010.	
1.	Introduction		
	
16	
	
	
[55]	 N.	Jiang,	Q.	Gao,	P.	Parkinson,	J.	Wong-Leung,	S.	Mokkapati,	S.	Breuer,	H.	H.	Tan,	C.	L.	Zheng,	J.	Etheridge,	and	C.	Jagadish,	“Enhanced	minority	carrier	lifetimes	in	GaAs/AlGaAs	core-shell	nanowires	through	shell	growth	optimization,”	Nano	Lett.,	vol.	13,	no.	11,	pp.	5135–5140,	2013.	[56]	 M.	Fickenscher,	T.	Shi,	H.	E.	Jackson,	L.	M.	Smith,	J.	M.	Yarrison-rice,	C.	Zheng,	P.	Miller,	J.	Etheridge,	B.	M.	Wong,	Q.	Gao,	S.	Deshpande,	H.	H.	Tan,	and	C.	Jagadish,	“Optical	,	Structural	,	and	Numerical	Investigations	of	GaAs	/	AlGaAs	Core	−	Multishell	Nanowire	Quantum	Well	Tubes,”	2013.	[57]	 D.	Rudolph,	S.	Funk,	M.	Döblinger,	S.	Morkötter,	S.	Hertenberger,	L.	Schweickert,	J.	Becker,	S.	Matich,	M.	Bichler,	D.	Spirkoska,	I.	Zardo,	J.	J.	Finley,	G.	Abstreiter,	and	G.	Koblmüller,	“Spontaneous	alloy	composition	ordering	in	GaAs-AlGaAs	core-shell	nanowires,”	Nano	Lett.,	vol.	13,	no.	4,	pp.	1522–1527,	2013.	[58]	 H.	Kauko,	C.	L.	Zheng,	Y.	Zhu,	S.	Glanvill,	C.	Dwyer,	A.	M.	Munshi,	B.	O.	Fimland,	A.	T.	J.	Van	Helvoort,	and	J.	Etheridge,	“Compositional	analysis	of	GaAs/AlGaAs	heterostructures	using	quantitative	scanning	transmission	electron	microscopy,”	
Appl.	Phys.	Lett.,	vol.	103,	no.	23,	2013.	[59]	 Y.	Zhang,	A.	M.	Sanchez,	J.	Wu,	M.	Aagesen,	J.	V.	Holm,	R.	Beanland,	T.	Ward,	and	H.	Liu,	“Polarity-Driven	Quasi-3-Fold	Composition	Symmetry	of	Self-Catalyzed	III–V–V	Ternary	Core–Shell	Nanowires,”	Nano	Lett.,	vol.	15,	pp.	3128–3133,	2015.	[60]	 M.	Heiss,	Y.	Fontana,	A.	Gustafsson,	G.	Wüst,	C.	Magen,	D.	D.	O’Regan,	J.	W.	Luo,	B.	Ketterer,	S.	Conesa-Boj,	A.	V	Kuhlmann,	J.	Houel,	E.	Russo-Averchi,	J.	R.	Morante,	M.	Cantoni,	N.	Marzari,	J.	Arbiol,	A.	Zunger,	R.	J.	Warburton,	and	A.	Fontcuberta	i	Morral,	“Self-assembled	quantum	dots	in	a	nanowire	system	for	quantum	photonics.,”	Nat.	
Mater.,	vol.	12,	no.	5,	pp.	439–44,	2013.	[61]	 J.	C.	Shin,	K.	H.	Kim,	K.	J.	Yu,	H.	Hu,	L.	Yin,	C.	Ning,	J.	a	Rogers,	J.	Zuo,	and	X.	Li,	“In	xGa1	-	xAs	Nanowires	on	Silicon :	One-Dimensional	Heterogeneous	epitaxy,	bandgap	engineering	and	photovotaic,”	Nano	Lett.,	vol.	11,	pp.	4831–4838,	2011.	[62]	 K.	W.	Ng,	W.	S.	Ko,	F.	Lu,	and	C.	J.	Chang-Hasnain,	“Metastable	growth	of	pure	wurtzite	InGaAs	microstructures,”	Nano	Lett.,	vol.	14,	no.	8,	pp.	4757–4762,	2014.	[63]	 K.	W.	Ng,	W.	S.	Ko,	R.	Chen,	F.	Lu,	T.	D.	Tran,	K.	Li,	and	C.	J.	Chang-Hasnain,	“Composition	Homogeneity	in	InGaAs/GaAs	Core	−	Shell	Nanopillars	Monolithically	Grown	on	Silicon,”	Appl.	Mater.	Interfaces,	vol.	6,	no.	19,	pp.	16706–11,	2014.	[64]	 P.	K.	Mohseni,	A.	Behnam,	J.	D.	Wood,	C.	D.	English,	J.	W.	Lyding,	E.	Pop,	and	X.	Li,	“InxGa1-xAs	Nanowire	Growth	on	Graphene:	van	der	Waals	Epitaxy	Induced	Phase	Segregation,”	Nano	Lett.,	vol.	13,	pp.	1153–1161,	2013.	[65]	 Y.	Kohashi,	T.	Sato,	K.	Ikejiri,	K.	Tomioka,	S.	Hara,	and	J.	Motohisa,	“Influence	of	growth	temperature	on	growth	of	InGaAs	nanowires	in	selective-area	metalorganic	vapor-phase	epitaxy,”	J.	Cryst.	Growth,	vol.	338,	no.	1,	pp.	47–51,	2012.	[66]	 T.	Sato,	Y.	Kobayashi,	J.	Motohisa,	S.	Hara,	and	T.	Fukui,	“SA-MOVPE	of	InGaAs	nanowires	and	their	compositions	studied	by	micro-PL	measurement,”	J.	Cryst.	
Growth,	vol.	310,	no.	23,	pp.	5111–5113,	2008.	
1.	Introduction		
	
17	
	
	
[67]	 T.	Sato,	J.	Motohisa,	J.	Noborisaka,	S.	Hara,	and	T.	Fukui,	“Growth	of	InGaAs	nanowires	by	selective-area	metalorganic	vapor	phase	epitaxy,”	J.	Cryst.	Growth,	vol.	310,	no.	7–9,	pp.	2359–2364,	2008.	[68]	 M.	Yoshimura,	K.	Tomioka,	K.	Hiruma,	S.	Hara,	J.	Motohisa,	and	T.	Fukui,	“Growth	and	characterization	of	InGaAs	nanowires	formed	on	GaAs(111)B	by	selective-area	metal	organic	vapor	phase	epitaxy,”	Jpn.	J.	Appl.	Phys.,	vol.	49,	no.	4	PART	2,	pp.	8–12,	2010.	[69]	 S.	Hertenberger,	S.	Funk,	K.	Vizbaras,	a.	Yadav,	D.	Rudolph,	J.	Becker,	S.	Bolte,	M.	Döblinger,	M.	Bichler,	G.	Scarpa,	P.	Lugli,	I.	Zardo,	J.	J.	Finley,	M.	C.	Amann,	G.	Abstreiter,	and	G.	Koblmüller,	“High	compositional	homogeneity	in	In-rich	InGaAs	nanowire	arrays	on	nanoimprinted	SiO	2/Si	(111),”	Appl.	Phys.	Lett.,	vol.	101,	no.	4,	2012.	[70]	 G.	Koblmuller	and	G.	Abstreiter,	“Growth	and	properties	of	InGaAs	nanowires	on	silicon,”	Phys.	Status	Solidi	RRL,	vol.	7,	no.	10,	pp.	1–20,	2014.	[71]	 H.	Sun,	F.	Ren,	K.	W.	Ng,	T.	T.	D.	Tran,	K.	Li,	and	C.	J.	Chang-Hasnain,	“Nanopillar	lasers	directly	grown	on	silicon	with	heterostructure	surface	passivation,”	ACS	Nano,	vol.	8,	no.	7,	pp.	6833–6839,	2014.	[72]	 J.	V	Holm,	H.	I.	Jørgensen,	P.	Krogstrup,	J.	Nygård,	H.	Liu,	and	M.	Aagesen,	“Surface-passivated	GaAsP	single-nanowire	solar	cells	exceeding	10%	efficiency	grown	on	silicon.,”	Nat.	Commun.,	vol.	4,	p.	1498,	2013.	[73]	 T.	Yang,	S.	Hertenberger,	S.	Morkötter,	G.	Abstreiter,	and	G.	Koblmüller,	“Size,	composition,	and	doping	effects	on	In(Ga)As	nanowire/Si	tunnel	diodes	probed	by	conductive	atomic	force	microscopy,”	Appl.	Phys.	Lett.,	vol.	101,	no.	23,	pp.	233102–1–5,	2012.	[74]	 J.	J.	Hou,	N.	Han,	F.	Wang,	F.	Xiu,	S.	Yip,	A.	T.	Hui,	T.	Hung,	and	J.	C.	Ho,	“Synthesis	and	characterizations	of	ternary	InGaAs	nanowires	by	a	two-step	growth	method	for	high-performance	electronic	devices,”	ACS	Nano,	vol.	6,	no.	4,	pp.	3624–3630,	2012.	[75]	 K.	Tomioka,	M.	Yoshimura,	and	T.	Fukui,	“A	III–V	nanowire	channel	on	silicon	for	high-performance	vertical	transistors,”	Nature,	vol.	488,	no.	7410,	pp.	189–192,	2012.	[76]	 M.	N.	Makhonin,	a.	P.	Foster,	a.	B.	Krysa,	P.	W.	Fry,	D.	G.	Davies,	T.	Grange,	T.	Walther,	M.	S.	Skolnick,	and	L.	R.	Wilson,	“Homogeneous	array	of	nanowire-embedded	quantum	light	emitters,”	Nano	Lett.,	vol.	13,	no.	3,	pp.	861–865,	2013.	[77]	 F.	Qian,	Y.	Li,	S.	Gradecak,	H.-G.	Park,	Y.	Dong,	Y.	Ding,	Z.	L.	Wang,	and	C.	M.	Lieber,	“Multi-quantum-well	nanowire	heterostructures	for	wavelength-controlled	lasers.,”	
Nat.	Mater.,	vol.	7,	no.	9,	pp.	701–706,	2008.	[78]	 E.	Nakai,	M.	Chen,	M.	Yoshimura,	K.	Tomioka,	and	T.	Fukui,	“InGaAs	axial-junction	nanowire-array	solar	cells,”	Jpn.	J.	Appl.	Phys.,	vol.	54,	p.	015201,	2015.	[79]	 A.	C.	Scofield,	A.	Lin,	M.	Haddad,	and	D.	L.	Hu,	“Axial	Diffusion	Barriers	in	Near-Infrared	Nanopillar	LEDs,”	Nano	Lett.,	vol.	14,	no.	11,	pp.	6037–6041,	2014.			
1.	Introduction		
	
18	
	
	
 
		 	 19	
	
	
Chapter	2	
Basic	concepts		 		
	
Overview	
	This	 chapter	 introduces	 the	 general	 concepts	 used	 throughout	 the	 thesis.	 It	 specifically	focuses	 on	 semiconductor	 nanowire	 growth	 principles	 and	 their	 structural	 properties.	These	 concepts	 make	 up	 the	 foundation	 for	 the	 interpretation	 and	 discussion	 of	 results	presented	in	chapters	4	to	7.	Sections	2.1	to	2.3	briefly	introduce	semiconductor	nanowires,	their	 heterostructures	 and	 applications.	 This	 is	 followed	 by	 nanowire	 growth	 concepts	 in	section	2.4,	 focusing	exclusively	on	metal	 seeded	nanowire	growth	via	vapour-liquid-solid	(VLS)	 mechanism.	 This	 section	 also	 includes	 the	 challenges	 faced	 in	 growing	 nanowire	heterostructures	by	VLS.	The	chapter	 then	continues	with	 III-V	nanowire	crystal	structure	including	a	brief	discussion	of	crystal	phase	control	reported	for	III-V	Au	seeded	nanowires.		
	
2.1	 Semiconductor	nanowires	
	Semiconductor	 nanowires	 are	 1-D	 nanostructures	with	 a	 diameter	 of	 the	 order	 of	 few	 to	tens	of	nanometers	and	 length	of	up	 to	several	micrometers	 (or	even	millimetres).	Due	 to	these	 dimensions,	 the	 properties	 of	 nanowires	 are	 found	 to	 be	 different	 than	 their	 bulk	
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counterparts.	For	example,	 the	small	diameter	allows	 for	quantum	confinement	 in	 the	1-D	direction,	thereby	enabling	the	tuning	of	the	optical	and	electrical	properties	with	diameters	[1]–[4].	The	large	surface	area	of	nanowires	and	proximity	of	the	surface	to	the	core	make	them	sensitive	to	changes	on	the	surface	thus	making	them	suitable	for	applications	such	as	chemical/biological	 sensors	 [5]	 and	 gas	 detectors	 [6].	 Additionally,	 their	 large	 surface-to-volume	 ratio	 also	 enables	 effective	 strain	 release	 which	 is	 an	 advantage	 for	 various	heterostructures	required	for	semiconductor	devices	[7].	Furthermore,	their	geometry	also	makes	 them	 great	 optical	 cavities,	 perfect	 for	 making	 tiny	 lasers	 [8]–[11].	 This	 is	 highly	promising	 for	 integration	with	nanoscale	electronics	enabling	smaller,	yet	more	 functional	devices	for	the	future.		Another	 advantage	 of	 nanowires	 is	 the	 ability	 to	 grow	 in	 different	 crystal	 phase	unlike	bulk	 semiconductors.	 For	 example,	many	 III-V	nanowires	 can	 grow	 in	 the	wurtzite	(WZ)	 phase	 whereas	 in	 the	 bulk	 form	 they	 exist	 as	 zinc-blende	 (ZB)	 phase.	 WZ	 and	 ZB	crystal	 phases	 have	 different	 bandstructures,	 which	 can	 provide	 another	 avenue	 for	tunability.	This	shall	be	further	discussed	in	section	2.4.	Due	to	these	interesting	properties,	nanowires	offer	many	opportunities	for	building	nanoscale	 electronic	 and	 optoelectronic	 devices.	 In	 the	 electronics	 field,	 nanowire	transistors	have	been	realized	[12]–[19]	which	shows	the	potential	in	further	reducing	the	size	 of	 electronic	 chips	 and	 increasing	 the	 speed	 of	 devices.	 Multi-colour	 lasers	 [9],	 light	emitting	 diodes	 (LED)	 [20]–[22],	 solar	 cells	 [23]–[25]	 and	 photodetectors	 [26],	 [27]	 are	some	 other	 optical	 devices	 that	 have	 been	 demonstrated	 with	 nanowires.	 Furthermore,	nanowires	 show	 the	 prospect	 for	 water	 splitting	 applications	 [28]	 and	 self-powering	sensors	[29].	Nanowires	are	also	suitable	for	energy	conversion	other	than	solar	cells	such	as	 electrochemical	 energy	 storage	 and	 thermoelectric	 applications	 [30],	 [31].	 Other	potential	nanowire	applications	also	include	bio-applications	such	as	single	cell	endoscopy	[32].		
	
2.2	Semiconductor	nanowire	heterostructures	
	Heterojunctions	 are	 formed	 when	 two	 semiconductors	 are	 brought	 together.	 They	 are	engineered	to	create	discontinuity	in	the	band	structure	which	affects	the	carrier	flow	at	the	interface.	Heterojunctions	within	a	single	freestanding	nanowire	can	be	fabricated	as	shown	in	figure	2.1.	Figure	2.1	(a)	shows	an	axial	heterostructure	nanowire	fabricated	by	switching	
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materials	 in	 the	 growth	 chamber	 and	 growing	 in	modes	 that	 favour	 axial	 growth.	 On	 the	other	hand,	 figure	2.1	(b)	shows	a	radial	heterostructure	nanowire	by	switching	materials	and	growing	in	a	mode	that	favours	radial	growth.		Due	to	the	small	dimensions	of	nanowires,	quantum	dots	(QD)	or	quantum	discs	can	be	created	 within	 the	 nanowire	 structure	 simply	 by	 tuning	 the	 thickness	 of	 the	 axial	heterostructures	(figure	2.2	(a)).		A	similar	approach	in	radial	heterostructures	results	in	a	quantum	well	(QW)	tube	as	shown	in	figure	2.2	(b).	Figure	2.2	(c)	shows	an	example	of	the	bandgap	 of	 a	 heterojunction	 where	 electrons	 are	 confined	 in	 the	 thin	 layer	 of	 a	 smaller	bandgap	material.		
	
Figure	 2.1:	 Schematic	 diagrams	 of	 nanowire	 heterostructures.	 (a)	 axial	 nanowire	heterostructure	(b)	radial	(core-shell)	nanowire	heterostructure.	
	 	
Figure	2.2:	Schematic	diagrams	of	(a)	a	quantum	dot	embedded	in	a	free-standing	nanowire	(b)	 quantum	 well	 tube	 and	 (c)	 electronic	 bandgap	 of	 a	 heterostructure	 with	 a	 quantum	confinement	 region.	 The	 solid	 circles	 represent	 the	 electrons	 while	 the	 hollow	 circles	represent	the	holes	in	the	semiconductor.	
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Forming	quantum	wires	 and	0D	quantum	dots	 along	 the	nanowire	 length	 are	 also	feasible	by	selectively	growing	these	confined	regions	on	certain	facets	or	edges	[33],	[34].	Figure	2.3	shows	the	schematic	of	these	structures	and	their	cross-sections	as	adapted	from	[33],	[34].	 	
	
Figure	2.3:	a)	Quantum	wire	along	the	nanowire	length	formed	by	selective	growth	on	the	corners	of	the	nanowire	side	facets.		b)	Formation	of	quantum	dot	in	the	corners	of	the	side	facets.	Adapted	from	[33],	[34].		 Owing	 to	 the	 nanowire’s	 small	 diameter	 and	 large	 surface-to-volume	 ratio,	 strain	from	 lattice	 mismatch	 can	 be	 relieved	 effectively	 in	 nanowire	 structures	 while	 it	 is	 not	possible	with	 the	planar	 system.	Hence,	 various	axial	heterojunctions	are	possible	despite	large	 lattice	mismatch	 [35].	 Strained	 core-shell	 nanowire	heterostructures	have	 also	been	reported	 [36]–[38].	 Strain	 alters	 the	 band	 gap	 structure	 thus	 altering	 the	 optical	 and	electrical	properties.	 	Pistol	 and	Pryor	 [39]	have	used	k.p	 theory	 to	 theoretically	 consider	the	 band	 structures	 of	 various	 combinations	 of	 core-shell	 III-V	 nanowires	 without	incorporating	 the	 likely	occurrence	of	plastic	 relaxation.	An	example	of	band	diagram	and	the	band	 structure	of	 a	 core-shell	 nanowire	 (InAs/GaAs)	 is	 shown	 in	 figure	2.4.	 From	 the	observation	of	the	bandstructure,	the	core	size	or	the	total	radius	can	be	chosen	to	tune	the	strain-induced	properties	as	desired.	For	example,	for	InAs/GaAs	shown	in	figure	2.4,	as	the	core	 radius/total	 radius	 ratio	 becomes	 smaller,	 the	 bandgap	 of	 the	 core	 nanowire	 shifts	towards	larger	value.	A	strained	InxGa1-xAs/InxGa1-xP	core-shell	nanowire	heterostructure	is	presented	in	chapter	7	showing	optical	emission	tunability	with	shell	thickness.		
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Figure	2.4:	Calculated	band	structure	of	InAs/GaAs	core-shell	structure	showing	a	change	of	band	alignment	with	the	core	radius/total	radius	ratio.	A	typical	band	diagram	on	the	right	is	taken	for	the	core	radius/total	radius	ratio	of	0.2.	Image	is	taken	from	[39].		 Although	 nanowire	 heterostructures	 can	 be	 fabricated	 and	 designed	 as	 discussed	here,	 there	 are	 challenges	 in	 relation	 to	 their	 growth	 that	 can	 be	 unfavourable.	 Such	challenges	will	later	be	presented	in	section	2.3.4.		
2.3	Semiconductor	nanowire	growth		Semiconductor	nanowires	are	most	often	grown	using	metal	seed	nanoparticles	through	the	vapour-liquid-solid	 (VLS)	 method	 as	 first	 described	 by	 Wagner	 and	 Ellis	 [40].	 Via	 this	method,	metal	nanoparticles	are	introduced	to	assist	the	nanowire	growth.	Gold	(Au)	is	the	most	widely	used	metal	particle	for	the	growth	of	semiconductor	nanowires.	Other	foreign	metals	 such	 as	 Cu,	 Ag	 and	 Ni	 have	 also	 been	 reported	 in	 the	 growth	 of	 semiconductor	nanowires	[41]–[44].	A	promising	sub-category	of	metal-assisted	nanowire	growth	is	the	so	called	“self-catalysed”	method,	which	use	the	metallic	droplet	from	the	group	III	elements	of	the	nanowire	system	itself;	e.g.	Ga-assisted	GaAs	nanowires	[45].		
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An	 example	 of	 the	 growth	 process	 for	 Au-seeded	 Si	 nanowire	 is	 shown	 in	 the	schematic	 in	 figure	 2.5.	 In	 growth	 of	 III-V	 semiconductor,	 the	 growth	 proceeds	 in	 similar	manner	although	slightly	more	complex	with	more	elements	involved	in	the	process.	The	Au	nanoparticles	first	react	with	the	substrate	or	reactant	species	and	create	a	eutectic	alloy	of	Au-reactants.	 With	 subsequent	 supply	 of	 reactants,	 the	 Au	 alloy	 nanoparticles	 become	supersaturated	 and	 crystal	 nucleation	 begins	 at	 the	 interface	 of	 the	 liquid	 alloy	 and	 the	substrate.	 As	 reactants	 supply	 continues,	 the	 crystal	 grows	 in	 a	 way	 that	 it	 is	 elongated	beneath	 the	 particle	 forming	 nanowires.	 The	 nanowire	 growth	 direction	 depends	 on	 the	total	 free	energy	of	the	system	and	the	free	energy	of	the	particle/substrate	 interface.	The	nucleation	 theory	 of	 catalyst-assisted	 nanowire	 growth	 is	 presented	 in	 detail	 in	 section	2.3.1.	
	
Figure	2.5:	Schematic	of	VLS	growth	of	Si	nanowires.	The	top	image	shows	the	growth	progress	as	Si	continues	to	alloy	with	Au.	The	bottom	image	shows	the	phase	diagram	as	the	process	progresses	from	left	to	right	(0	to	III)	with	more	Si	incorporation	in	the	Au-alloy.		 Another	 method	 for	 growing	 nanowires	 is	 selected-area	 epitaxial	 (SAE)	 growth	method	[46]	shown	in	figure	2.6.	This	method	involves	using	a	partially	open	mask	to	guide	the	 growth	 of	 the	 crystal.	 The	mask	 is	 lithographically	 defined	 (e.g.,	 using	 electron-beam	(EB)	 lithography)	with	small	opening	patterns	where	 the	nanowires	are	 to	be	grown.	SiOx	
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and	SiNx	are	among	the	common	mask	materials	employed	for	this	method.		The	mechanism	behind	 the	 growth	 relies	 on	 the	 fact	 that	 nanowires	have	 a	 preferential	 growth	direction.	This	direction	is	typically	in	either	<111>A	or	<111>B.	As	the	crystal	grows	within	the	holes	of	 the	 mask,	 the	 preferential	 growth	 direction	 will	 guide	 the	 morphology	 of	 the	 crystal,	forming	 nanowires	with	 certain	 facets	 based	 on	 the	 lowest	 surface	 energy.	 Although	 SAE	growth	produces	a	highly	uniform	array	of	nanowires,	the	throughput	is	much	smaller	due	to	the	time	consuming	and	cost	issues	related	to	mask	preparation.		On	the	other	hand,	Au-seeded	nanowire	growth	can	be	produced	 in	higher	yield	as	required	 for	 large-scale	mass	production.	 Furthermore,	 Au-seeded	 VLS	 nanowire	 is	 now	 very	 mature	 for	 binary	 III-V	systems,	 which	 helps	 both	 in	 terms	 of	 control	 (e.g.	 phase	 purity	 and	 complex	heterostructures	[47]–[50]	and	understanding	via	in-situ	TEM	studies	[51]).	Hence,	VLS	Au-seeded	 growth	 is	 used	 throughout	 this	 thesis	 and	 shall	 be	 further	 elaborated	 in	 the	 next	section.	
	
Figure	 2.6:	 Schematic	 of	 selective-area	 growth	 of	 nanowires	 using	 a	 combination	 of	processes	 involving	 deposition	 of	 the	 mask,	 electron	 beam	 lithography,	 and	 growth	 of	epitaxial	nanowires.	
	
2.3.1	Nucleation	theory			Nanowire	growth	can	be	described	by	a	mix	of	thermodynamic	aspects	and	kinetic	aspects	which	 cannot	 be	 completely	 decoupled.	 To	 simplify	 here,	 in	 a	 thermodynamical	 view,	 the	growth	of	nanowires	proceeds	 in	 the	direction	 that	minimizes	 the	 total	 free	energy	of	 the	system.	 This	 total	 free	 energy	 includes	 the	 bulk	 energy	 of	 the	 nanowire,	 the	 particle-nanowire	(liquid-solid)	 interface	energy	and	the	nanowire-vapour	(solid-vapour)	 interface	energy.	Several	works	have	focused	on	the	total	energy	calculations	in	order	to	understand	
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nanowires	after	they	have	been	formed	[52]–[54].		 A	schematic	of	the	VLS	growth	is	shown	in	figure	2.7	showing	the	components	of	the	three-phase	 system,	 the	 supply	 (vapour),	 collector	 (liquid)	 and	 the	 crystal	 (solid).	 Δ𝜇!" 	 ,	Δ𝜇!" 	 and	Δ𝜇!" 	 are	 the	 chemical	 potential	 difference	 (supersaturation)	 between	 the	 three	phases	 (e.g.	Δ𝜇!" 	 is	 between	 supply	 and	 crystal).	 The	 triple	 phase	 boundary	 (TPB)	 is	 the	perimeter	around	the	particle-nanowire	interface	known	as	the	growth	front	[52]–[54].		 	
		
Figure	2.7:	Schematic	of	VLS	growth	with	the	supersaturation	relevant	to	the	three	phase	system.	Reproduced	from	[55].		 The	change	in	Gibbs	free	energy	due	to	nucleation	can	be	expressed	as	the	difference	between	the	energy	released	from	chemical	potential	and	the	energy	needed	to	create	a	new	interface.	Hence,	the	free	energy	change	at	the	TPB	can	be	written	as	follows:		∆𝐺!"# = −𝑛Δ𝜇!" + 𝑃!"ℎ𝑠!" + 𝑃!"ℎ𝑠!" 		 	 	 (2.1)		where	𝑃!" 	and	𝑃!" 	are	the	perimeter	 length	of	the	collector-crystal	(ck)	and	supply-crystal	(sk)	respectively.	𝑠!" 	and	 𝑠!" 	are	the	interfacial	energy,	𝑛	is	the	number	of	atoms	nucleated	and	ℎ	is	the	height	(often	one	monolayer).	The	second	and	third	term	of	equation	2.1	relates	to	 the	 edge	 energy	 at	 TPB.	 TPB	 is	 a	 preferable	 nucleation	 site	 due	 to	 the	 flexibility	 to	minimize	 the	 Gibbs	 energy	 and	 the	 relatively	 higher	 supersaturation	 point	 due	 to	 direct	contact	with	 the	vapour	 [55].	Once	nucleated,	 the	growth	 then	 follows	as	 ledge	 formation	and	layer	by	layer	growth	as	observed	by	in-situ	TEM	[51],	[56].	This	growth	dynamic	also	holds	for	other	types	of	catalytic	growth	such	as	vapour-solid-solid	(VSS)	[57].			
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The	growth	rate	is	given	by	the	classical	Zeldovich	nucleation	rate	as	follows:				𝐽 = 𝑛ΓCv exp (!!!!" )	 	 	 	 	 	 (2.2)		where	 v	 is	 the	 frequency	 of	 attachment	 of	 molecules	 at	 the	 growth	 interface,	 Γ	 is	 the	Zeldovich	 factor	 dependent	 on	 the	 change	 in	Gibbs	 free	 energy	 of	 nucleation	Δ𝐺,	 thermal	energy	 𝑘𝑇,	 number	 of	 molecules	 in	 nucleus	 𝑛	 and	 𝐶	 is	 the	 concentration	 of	 the	 growth	species	in	the	supply	phase	[52].			
2.3.2	Phase	diagram		The	VLS	growth	of	binary	and	ternary	nanowires	is	more	complex	than	the	Si	nanowires	as	briefly	 introduced	earlier.	The	process	 involves	at	 least	 three	or	 four	elements	during	 the	alloying	 process	 of	 the	 metal	 seed.	 Therefore,	 a	 ternary	 or	 quaternary	 phase	 diagram	 is	required	to	understand	the	phase	of	the	alloy	particle	during	nanowire	growth.	In	the	case	for	 Au-seeded	 InGaAs	 nanowires,	 at	 least	 the	 ternary	 Au-In-Ga	 phase	 diagram	 has	 to	 be	considered.	 To	 be	 more	 precise,	 the	 quaternary	 phase	 diagram	 Au-In-Ga-As	 should	 be	considered	when	 growing	 ternary	 InGaAs.	 However,	 due	 to	 the	 lack	 of	 knowledge	 in	 this	complex	quaternary	phase	system,	we	rely	on	the	existence	of	 the	available	 ternary	phase	diagram.	Figure	 2.8	 shows	 the	 ternary	 phase	 diagrams	 for	 Au-Ga-As,	 Au-In-As	 reproduced	from	Tsai	and	Williams	[58].	They	show	eutectic	pseudo-binary	tie-lines	between	the	III-V	and	 the	 Au-III	 compounds	 with	 the	 eutectics	 near	 the	 Au-III	 binary	 edge.	 Pseudo-binary	systems	are	pairs	of	phases	that	can	exist	in	equilibrium	without	reacting	with	one	another.	For	 Au-GaAs,	 the	 GaAs	 region	 dominates	 under	 As-rich	 conditions.	 For	 Au-InAs,	 pseudo-binaries	are	found	between	As	and	the	Au-In	compounds	ζ1,	ζ,	α1	and	α.		
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Figure	2.8:		Ternary	phase	diagram	for	a)	Au-Ga-As	and	b)	Au-In-As.	Reproduced	from	[58].	Due	 to	 the	small	amount	of	As	presence	 in	 the	Au	particle	 (measured	post-growth	[59],	[60]),	the	ternary	Au-In-Ga	phase	diagram	could	be	considered	in	providing	a	view	of	the	 possible	 phase	 of	 the	 Au	 alloy	 during	 growth	 of	 Au-seeded	 InGaAs	 nanowires.	 A	calculated	monovariant	Au-In-Ga	has	recently	been	reported	by	Ghasemi	et	al.	[61]	together	with	their	experimental	investigation	as	shown	in	figure	2.9.	From	the	diagram,	the	possible	liquid	 phase	 of	 Au-In-Ga	 can	 be	 extracted	 which	 can	 be	 used	 to	 predict	 the	 ternary	composition.	 The	 Au-In-Ga	 ternary	 phase	 is	 used	 in	 understanding	 the	 growth	 of	 InGaSb	nanowires	reported	by	Ghalamestani	et	al.	[62].	
	
Figure	 2.9:	 Calculated	 monovariant	 lines	 (in	 red)	 of	 the	 Au–In–Ga	 system	 along	 with	isothermal	 liquidus	 projections	 with	 20	 °C	 temperature	 increments.	 Green	 triangles	represent	the	experimental	liquidus	temperatures.	Figure	is	taken	from	[61].				
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Although	the	phase	diagram	may	assist	in	understanding	the	resulting	phase	of	the	alloy	particle	[63],	the	exact	phase	can	be	difficult	to	assess.	This	is	due	to	few	reasons;	i)	the	small	 scale	 of	 the	 alloy	 particle	 which	 can	 be	 governed	 by	 the	 Gibbs-Thomson	 effect,	 ii)	challenge	 in	 determining	 alloy	 particle	 composition	 information	 during	 growth	 and	 iii)	possible	 melting-freezing	 hysteresis	 especially	 in	 growth	 conditions	 where	 there	 are	significant	 temperature	 changes	 during	 growth.	 With	 the	 complexity	 of	 a	 ternary	 or	quaternary	phase,	understanding	the	phase	of	the	alloy	particle	during	growth	can	be	more	challenging,	 and	 naturally	 more	 uncertainty	 can	 arise.	 Furthermore,	 group	 V	 such	 as	 As	could	be	well	 involved	 in	 the	Au	alloy	particle	and	cannot	be	simply	neglected	despite	 the	small	As	fraction	in	the	Au	alloy	found	post-growth.		
2.3.3	Mass	transport		The	growth	conditions	and	the	final	nanowire	morphology	can	also	be	influenced	by	growth	kinetics	 such	 as	mass	 transport.	While	VLS	mechanism	drives	 the	 nanowire	 axial	 growth,	radial	growth	is	governed	by	the	vapour-solid	(VS)	growth	on	the	nanowires	sidewall.	The	VS	 growth	 typically	 depends	 on	 the	 diffusion	 length	 of	 the	 adatoms	 and	 the	 preferable	nucleation	sites	on	the	sidewall	such	as	defects	[64],	type	of	facet	and	crystal	phase	[65].		VS	growth	 on	 the	 sidewall	 is	 often	 needed	 to	 be	 suppressed	 to	 avoid	 nanowire	 tapering	 or	enhanced	to	promote	shell	growth	as	is	required	for	core-shell	heterostructures.	This	shall	be	discussed	in	section	2.4.4.		Apart	 from	 the	 competing	VS	growth	 contributing	 to	 the	 radial	morphology	of	 the	nanowire,	the	growth	kinetics	can	also	be	axial	growth	rate	limiting	[66]–[69].	The	amount	of	 species	 that	 arrives	 at	 the	 particle-nanowire	 interface	 can	 be	 limited	 by	 the	 growth	kinetics.	There	are	three	main	routes	for	reactants	to	reach	the	particle-nanowire	interface;	i)	incorporation	of	species	from	vapour	into	the	liquid,	ii)	diffusion	through	liquid	phase	to	the	 nanowire-particle	 interface	 and	 iii)	 incorporation	 from	 the	 liquid	 into	 the	 solid.	 The	kinetics	of	 each	 species	depends	on	 their	properties	 such	as	diffusivity	 in	 liquid,	diffusion	length	on	the	surface	and	desorption.	These	properties	are	highly	dependent	on	the	growth	condition	such	as	growth	temperature.		Hence,	 in	 order	 to	understand	 the	 growth	of	 nanowires,	 both	 thermodynamic	 and	kinetic	approaches	are	essential	and	in	some	cases,	one	would	be	more	applicable	than	the	
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other.	In	chapter	6,	a	growth	model	for	InGaAs	nanowires	based	on	the	kinetic	approach	is	proposed.		
2.3.4	Growth	of	nanowire	heterostructures		As	 previously	 discussed	 in	 section	 2.2,	 heterojunctions	 are	 the	 key	 to	 semiconductor	devices.	In	the	growth	of	axial	heterostructures,	nanowires	release	strain	due	to	the	lattice	mismatch	via	expansion	of	the	lattice	at	the	interface	[7].	Hence,	defects	can	be	avoided	in	high	 lattice	 mismatch	 heterojunctions	 unlike	 in	 the	 case	 of	 2-D	 system	 where	 strain	 is	released	by	introducing	defects.			However,	other	challenges	apart	from	the	lattice	constant	constraint	arise	especially	in	the	growth	of	VLS	metal-seeded	nanowires.	For	example,	sharp	interfaces	are	challenging	in	axial	heterojunctions	of	Au-seeded	nanowires	due	to	the	effect	of	reservoir	in	the	Au-alloy	particle	 [70],	 [71].	 Lack	 of	 sharp	 interfaces	 degrades	 the	 quality	 and	 functionality	 of	 the	heterojunction.	 Hence,	 many	 studies	 have	 been	 devoted	 towards	 understanding	 and	improving	the	sharpness	of	the	interfaces	of	axial	[71],	[72]	and	radial	[73]	heterostructure	nanowires.	 In	 addition,	 introducing	 a	 different	material	 into	 the	 growth	 chamber	 for	 the	formation	 of	 axial	 heterojunctions	 changes	 the	 supersaturation	 condition	 leading	 to	 the	formation	of	stacking	faults,	polytypism	and	nanowire	kinking	[74]–[76].		On	the	other	hand,	radial	heterojunctions	would	adopt	the	crystal	phase	of	the	core,	commonly	 known	as	 the	 crystal	 phase	 transfer	 [77].	However,	 in	 different	 kind	 of	 crystal	phase,	 the	 radial	 growth	 rates	 are	different	due	 to	 the	 surface	 energy	of	 the	 facets.	 It	 has	been	 found	 that	 the	growth	of	 shell	on	 the	WZ	phase	 is	much	slower	due	 to	 the	nature	of	their	 facets	 [65],	 [78].	 Owing	 to	 this	 nature	 of	 growth,	 selective	 shell	 growth	 can	 be	performed	[79].		Apart	 from	 defects	 transferred	 from	 the	 core,	 other	 defects	 may	 arise	 during	 the	growth	of	 the	 shell.	 For	example,	misfit	dislocations	 can	be	 introduced	 in	a	 strained	core-shell	 structure	 [80]–[83].	 In	 recent	work	by	Conesa-Boj	et	al.	 [84],	 a	new	 type	of	 cracking	defects	created	during	shell	growth	can	also	lead	to	the	formation	of	secondary	defects	such	as	stacking	faults.		An	 unfavourable	 concomitant	 radial	 or	 axial	 growth	 during	 the	 growth	 of	heterostructures	 is	 another	 issue	 among	 the	 other	 challenges	 presented	 here	 [65],	 [66].	
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Hence,	 the	growth	of	nanowire	heterostructures	 remains	as	an	 interesting	area	 to	 further	explore	and	understand	 towards	optimizing	more	 complex	heterostructures	 in	 the	 future.	Chapter	7	of	this	thesis	explores	the	growth	of	WZ	and	ZB	phase	InxGa1-xAs/InxGa1-xP	core-shell	nanowire	heterostructures.		
2.4	III-V	nanowire	crystal	structure		As	previously	mentioned,	nanowires	may	grow	 in	a	different	crystallographic	 sequence	 to	their	bulk	counterparts.	The	most	common	crystal	structures	for	III-V	nanowires	are	ZB	and	WZ	crystal	phase.	Although	very	similar,	these	two	phases	can	be	easily	distinguished	under	transmission	 electron	 microscopy	 (TEM).	 	 Figure	 2.10	 depicts	 the	 structural	 difference	between	 the	 ZB	 and	WZ	 crystal	 phase.	 Along	 (111),	 the	 stacking	 sequence	 of	 a	 ZB	 phase	follows	the	pattern	ABCABCA	while	in	WZ	phase	in	ABABABA.			
	
Figure	 2.10:	 Stacking	 sequence	 of	 the	 crystal	 phase	 for	 a)	 zinc-blende	 and	 b)	 wurtzite	structure.	The	 structures	 are	 very	 similar	 apart	 from	 their	 stacking	 sequence	 and	 lattice	constants.	Due	to	the	nature	of	nanowire	growth	in	the	<111>	direction,	the	 likelihood	for	the	change	in	stacking	sequence	is	very	high	and	the	structure	can	easily	transform	from	ZB	to	WZ	phase	or	vice-versa.	There	are	several	known	stacking	modes	often	found	in	ZB	or	WZ	phase	 nanowires.	 For	 example,	 a	 twin	 occurs	 when	 there	 is	 a	 misplaced	 stacking	 in	 ZB	resulting	in	the	sequence	ABCACBA.	The	stacking	sequence	changes	direction	mirroring	the	previous	stacking	sequence	with	A	as	the	twin	plane.	Double	twin	may	also	occur,	forming	a	
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unit	of	WZ	phase	as	underlined	 in	 the	 sequence	ABCACABC.	 In	WZ	phase,	 a	 stacking	 fault	can	occur	when	the	sequence	is	misplaced	forming	the	sequence	ABABCBCB	where	ABC	is	a	ZB	unit	within	the	surrounding	WZ.	To	observe	these	sequences,	nanowires	are	examined	in	TEM	in	the	zone	axis,	[110]	for	ZB	phase	or	[1120]	for	WZ	phase.	Sourribes	et	al.	2014	[85]	have	presented	various	 types	of	planar	defects	and	 its	 stacking	 sequence	with	 three	main	categories	as	shown	in	figure	2.11	with	the	respective	TEM	images.						
	
Figure	 2.11:	 TEM	 images	 with	 the	 stacking	 sequences	 in	 InAs	 and	 InAsASb	 nanowire	showing	pure	phase	WZ	and	ZB	together	with	several	kinds	of	defects	including	rotational	twins	and	stacking	faults.	Figure	is	taken	from	[85].		 Despite	 the	 similarities	 in	 the	 structure	 of	 ZB	 and	WZ,	 their	 electronic	 properties	were	reported	to	be	altered	depending	on	the	structural	phase	[86],	[87].	WZ/ZB	segments	in	nanowires	may	form	type	I	or	type	II	band	alignment	which	can	very	much	depend	on	the	size	of	the	segments	and	nanowire	diameter	[88]–[91].	While	controlled	polytypism	provide	room	for	bandgap	engineering,	random	polytypism	and	crystal	defects	may	deteriorate	the	nanowire	 properties	 and	 device	 performance	 [85],	 [92].	 Driven	 by	 these	 two	 aspects	 of	polytypism,	 understanding	 and	 control	 of	 the	 nanowire	 crystal	 phase	 and	 formation	 of	defects	 from	 theoretical	 and	 experimental	 parts	 has	 been	 studied	 immensely	 [49],	 [93]–[101].		 The	 crystal	 phase	 of	 VLS	 grown	 nanowires	 depends	 on	 the	 supersaturation	condition	and	the	surface	energies	at	the	Au-particle	and	the	nanowire	interface	[53],	[99].	The	V/III	ratio,	in	particular,	has	been	found	as	one	of	the	main	factors	governing	the	crystal	
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phase	[48],	 [96],	 [102]–[104].	Lehmann	et	al.	 [102]	observed	that	WZ	to	ZB	transition	can	occur	on	both	sides	of	the	V/III	ratio	regime	with	WZ	being	in	the	mid-range	and	are	highly	sensitive.	 WZ/ZB	 crystal	 phase	 switching	 has	 also	 been	 reported	 with	 sources	 supply	pulsing	 [47],	 [105].	 From	 these	 reports,	 it	 can	 be	 clearly	 observed	 that	 crystal	 phase	 is	highly	affected	by	either	group	III	or	V	species	via	 the	change	 in	 the	surface	energy	at	 the	nanowire-particle	 interface	 affecting	 the	 supersaturation.	 Chapters	 4	 and	 5	 of	 this	 thesis	discuss	some	of	the	findings	required	to	optimize	the	crystal	phase	purity	and	phase	control	of	InxGa1-xAs	nanowires.			
2.5	Summary		The	chapter	presented	several	key	concepts	widely	used	throughout	the	thesis.	The	basics	of	nanowire	growth	have	been	introduced,	with	emphasis	on	the	VLS	mechanism.	The	chapter	also	presented	some	of	the	growth	challenges	of	nanowire	heterostructures	via	VLS	technique.	 Lastly,	 III-V	 nanowire	 crystal	 phases	 were	 introduced	 including	 some	 of	 the	reports	on	crystal	phase	control	and	the	advantage	of	controlled	polytypism.														
2.	Basic	concepts		
	
	
	 	 34	
	
	
References	
[1]	 K.	W.	Adu,	H.	R.	Gutiérrez,	U.	J.	Kim,	G.	U.	Sumanasekera,	and	P.	C.	Eklund,	“Confined	phonons	in	Si	nanowires.,”	Nano	Lett.,	vol.	5,	no.	3,	pp.	409–14,	2005.	[2]	 A.	R.	Guichard,	D.	N.	Barsic,	S.	Sharma,	T.	I.	Kamins,	and	M.	L.	Brongersma,	“Tunable	Light	Emission	from	Quantum-Confined	Excitons	in	TiSi	2	-Catalyzed	Silicon	Nanowires,”	Nano	Lett.,	vol.	6,	no.	9,	pp.	2140–2144,	2006.	[3]	 G.	Koblmüller,	K.	Vizbaras,	S.	Hertenberger,	S.	Bolte,	D.	Rudolph,	J.	Becker,	M.	Döblinger,	M.	C.	Amann,	J.	J.	Finley,	and	G.	Abstreiter,	“Diameter	dependent	optical	emission	properties	of	InAs	nanowires	grown	on	Si,”	Appl.	Phys.	Lett.,	vol.	101,	no.	5,	p.	053103,	2012.	[4]	 A.	C.	Ford,	J.	C.	Ho,	Y.-L.	Chueh,	Y.-C.	Tseng,	Z.	Fan,	J.	Guo,	J.	Bokor,	and	A.	Javey,	“Diameter-Dependent	Electron	Mobility	of	InAs	Nanowires,”	Nano	Lett.,	vol.	9,	no.	1,	pp.	360–365,	2009.	[5]	 Y.	Cui,	Q.	Wei,	H.	Park,	and	C.	M.	Lieber,	“Nanowire	nanosensors	for	highly	sensitive	and	selective	detection	of	biological	and	chemical	species.,”	Science,	vol.	293,	no.	5533,	pp.	1289–1292,	2001.	[6]	 P.	Offermans,	M.	Crego-Calama,	and	S.	H.	Brongersma,	“Gas	detection	with	vertical	InAs	nanowire	arrays,”	Nano	Lett.,	vol.	10,	no.	7,	pp.	2412–2415,	2010.	[7]	 M.	W.	Larsson,	J.	B.	Wagner,	M.	Wallin,	P.	Håkansson,	L.	E.	Fröberg,	L.	Samuelson,	and	L.	R.	Wallenberg,	“Strain	mapping	in	free-standing	heterostructured	wurtzite	InAs/InP	nanowires,”	Nanotechnology,	vol.	18,	no.	1,	p.	015504,	2007.	[8]	 R.	Chen,	T.-T.	D.	Tran,	K.	W.	Ng,	W.	S.	Ko,	L.	C.	Chuang,	F.	G.	Sedgwick,	and	C.	Chang-Hasnain,	“Nanolasers	grown	on	silicon,”	Nat.	Photonics,	vol.	5,	pp.	170–175,	2011.	[9]	 F.	Qian,	Y.	Li,	S.	Gradecak,	H.-G.	Park,	Y.	Dong,	Y.	Ding,	Z.	L.	Wang,	and	C.	M.	Lieber,	“Multi-quantum-well	nanowire	heterostructures	for	wavelength-controlled	lasers.,”	
Nat.	Mater.,	vol.	7,	no.	9,	pp.	701–706,	2008.	[10]	 D.	Saxena,	S.	Mokkapati,	P.	Parkinson,	N.	Jiang,	Q.	Gao,	H.	H.	Tan,	and	C.	Jagadish,	“Optically	pumped	room-temperature	GaAs	nanowire	lasers,”	Nat.	Photonics,	vol.	7,	no.	12,	pp.	963–968,	2013.	[11]	 X.	Duan,	Y.	Huang,	R.	Agarwal,	and	C.	M.	Lieber,	“Single-nanowire	electrically	driven	lasers,”	Nature,	vol.	421,	no.	6920,	pp.	241–245,	2003.	[12]	 G.	Larrieu	and	X.-L.	Han,	“Vertical	nanowire	array-based	field	effect	transistors	for	ultimate	scaling,”	Nanoscale,	vol.	5,	no.	6,	pp.	2437–2441,	2013.	[13]	 L.-E.	Wernersson,	C.	Thelander,	E.	Lind,	and	L.	Samuelson,	“III-V	Nanowires	-	Extending	a	Narrowing	Road,”	Proc.	IEEE,	vol.	98,	no.	12,	pp.	2047–2060,	2010.	[14]	 Y.	Cui,	Z.	H.	Zhong,	D.	L.	Wang,	W.	U.	Wang,	and	C.	M.	Lieber,	“High	performance	silicon	nanowire	field	effect	transistors,”	Nano	Lett.,	vol.	3,	no.	2,	pp.	149–152,	2003.	
2.	Basic	concepts		
	
	
	 	 35	
	
	
[15]	 J.	Xiang,	W.	Lu,	Y.	Hu,	Y.	Wu,	H.	Yan,	and	C.	M.	Lieber,	“Ge/Si	nanowire	heterostructures	as	high-performance	field-effect	transistors.,”	Nature,	vol.	441,	no.	7092,	pp.	489–493,	2006.	[16]	 C.	Thelander,	C.	Rehnstedt,	L.	E.	Froberg,	E.	Lind,	T.	Martensson,	P.	Caroff,	T.	Lowgren,	B.	J.	Ohlsson,	L.	Samuelson,	and	L.-E.	Wernersson,	“Development	of	a	Vertical	Wrap-Gated	InAs	FET,”	IEEE	Trans.	Electron	Devices,	vol.	55,	no.	11,	pp.	3030–3036,	2008.	[17]	 W.	Lu,	P.	Xie,	and	C.	M.	Lieber,	“Nanowire	transistor	performance	limits	and	applications,”	IEEE	Trans.	Electron	Devices,	vol.	55,	no.	11,	pp.	2859–2876,	2008.	[18]	 K.	Tomioka,	M.	Yoshimura,	and	T.	Fukui,	“A	III–V	nanowire	channel	on	silicon	for	high-performance	vertical	transistors,”	Nature,	vol.	488,	no.	7410,	pp.	189–192,	2012.	[19]	 A.	L.	Vallett,	S.	Minassian,	P.	Kaszuba,	S.	Datta,	J.	M.	Redwing,	and	T.	S.	Mayer,	“Fabrication	and	Characterization	of	Axially	Doped	Silicon	Nanowire	Tunnel	Field-Effect	Transistors,”	Nano	Lett.,	vol.	10,	no.	12,	pp.	4813–4818,	2010.	[20]	 K.	Tomioka,	J.	Motohisa,	S.	Hara,	K.	Hiruma,	and	T.	Fukui,	“GaAs/AlGaAs	core	multishell	nanowire-based	light-emitting	diodes	on	Si,”	Nano	Lett.,	vol.	10,	no.	5,	pp.	1639–1644,	2010.	[21]	 C.	P.	T.	Svensson,	T.	Mårtensson,	J.	Trägårdh,	C.	Larsson,	M.	Rask,	D.	Hessman,	L.	Samuelson,	and	J.	Ohlsson,	“Monolithic	GaAs/InGaP	nanowire	light	emitting	diodes	on	silicon.,”	Nanotechnology,	vol.	19,	no.	30,	p.	305201,	2008.	[22]	 E.	Dimakis,	U.	Jahn,	M.	Ramsteiner,	A.	Tahraoui,	J.	Grandal,	X.	Kong,	O.	Marquardt,	A.	Trampert,	H.	Riechert,	L.	Geelhaar,	M.	Wu,	X.	Kong,	M.	Hanke,	E.	Dimakis,	L.	Geelhaar,	H.	Riechert,	J.	Grandal,	M.	Wu,	X.	Kong,	M.	Hanke,	and	E.	Dimakis,	“Coaxial	multishell	(In,Ga)As/GaAs	nanowires	for	near-infrared	emission	on	Si	substrates,”	Nano	Lett.,	vol.	14,	no.	5,	pp.	2604–2609,	2014.	[23]	 J.	V	Holm,	H.	I.	Jørgensen,	P.	Krogstrup,	J.	Nygård,	H.	Liu,	and	M.	Aagesen,	“Surface-passivated	GaAsP	single-nanowire	solar	cells	exceeding	10%	efficiency	grown	on	silicon.,”	Nat.	Commun.,	vol.	4,	p.	1498,	2013.	[24]	 E.	Nakai,	M.	Chen,	M.	Yoshimura,	K.	Tomioka,	and	T.	Fukui,	“InGaAs	axial-junction	nanowire-array	solar	cells,”	Jpn.	J.	Appl.	Phys.,	vol.	54,	p.	015201,	2015.	[25]	 E.	C.	Garnett,	M.	L.	Brongersma,	Y.	Cui,	and	M.	D.	McGehee,	“Nanowire	Solar	Cells,”	
Annu.	Rev.	Mater.	Res.,	vol.	41,	no.	1,	pp.	269–295,	2011.	[26]	 J.	Svensson,	N.	Anttu,	N.	Vainorius,	B.	M.	Borg,	and	L.	E.	Wernersson,	“Diameter-dependent	photocurrent	in	InAsSb	nanowire	infrared	photodetectors,”	Nano	Lett.,	vol.	13,	no.	4,	pp.	1380–1385,	2013.	[27]	 C.	Soci,	A.	Zhang,	X.-Y.	Bao,	H.	Kim,	Y.	Lo,	and	D.	Wang,	“Nanowire	photodetectors.,”	J.	
Nanosci.	Nanotechnol.,	vol.	10,	no.	3,	pp.	1430–1449,	2010.	[28]	 C.	Cheng	and	H.	J.	Fan,	“Branched	nanowires:	Synthesis	and	energy	applications,”	
Nano	Today,	vol.	7,	no.	4,	pp.	327–343,	2012.	
2.	Basic	concepts		
	
	
	 	 36	
	
	
[29]	 S.	Xu,	Y.	Qin,	C.	Xu,	Y.	Wei,	R.	Yang,	and	Z.	L.	Wang,	“Self-powered	nanowire	devices.,”	
Nat.	Nanotechnol.,	vol.	5,	no.	5,	pp.	366–373,	2010.	[30]	 A.	I.	Hochbaum	and	P.	Yang,	“Semiconductor	nanowires	for	energy	conversion,”	
Nanoelectron.	Conf.	(INEC),	2010	3rd	Int.,	pp.	527–546,	2010.	[31]	 A.	I.	Hochbaum,	R.	Chen,	R.	D.	Delgado,	W.	Liang,	E.	C.	Garnett,	M.	Najarian,	A.	Majumdar,	and	P.	Yang,	“Enhanced	thermoelectric	performance	of	rough	silicon	nanowires,”	Nature,	vol.	451,	no.	7175,	pp.	163–167,	2008.	[32]	 R.	Yan,	J.-H.	Park,	Y.	Choi,	C.-J.	Heo,	S.-M.	Yang,	L.	P.	Lee,	and	P.	Yang,	“Nanowire-based	single-cell	endoscopy,”	Nat.	Nanotechnol.,	vol.	7,	no.	3,	pp.	191–196,	2011.	[33]	 J.	Arbiol,	C.	Magen,	P.	Becker,	G.	Jacopin,	A.	Chernikov,	S.	Schäfer,	F.	Furtmayr,	M.	Tchernycheva,	L.	Rigutti,	J.	Teubert,	S.	Chatterjee,	J.	R.	Morante,	and	M.	Eickhoff,	“Self-assembled	GaN	quantum	wires	on	GaN/AlN	nanowire	templates.,”	Nanoscale,	vol.	4,	no.	23,	pp.	7517–24,	2012.	[34]	 M.	Heiss,	Y.	Fontana,	a	Gustafsson,	G.	Wüst,	C.	Magen,	D.	D.	O’Regan,	J.	W.	Luo,	B.	Ketterer,	S.	Conesa-Boj,	a	V	Kuhlmann,	J.	Houel,	E.	Russo-Averchi,	J.	R.	Morante,	M.	Cantoni,	N.	Marzari,	J.	Arbiol,	a	Zunger,	R.	J.	Warburton,	and	a	Fontcuberta	i	Morral,	“Self-assembled	quantum	dots	in	a	nanowire	system	for	quantum	photonics.,”	Nat.	
Mater.,	vol.	12,	no.	5,	pp.	439–44,	2013.	[35]	 P.	Caroff,	M.	E.	Messing,	B.	Mattias	Borg,	K.	A.	Dick,	K.	Deppert,	and	L.-E.	Wernersson,	“InSb	heterostructure	nanowires:	MOVPE	growth	under	extreme	lattice	mismatch.,”	
Nanotechnology,	vol.	20,	no.	49,	p.	495606,	2009.	[36]	 M.	Montazeri,	M.	Fickenscher,	L.	M.	Smith,	H.	E.	Jackson,	J.	Yarrison-rice,	J.	H.	Kang,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	Y.	Guo,	J.	Zou,	M.	Pistol,	and	C.	E.	Pryor,	“Direct	Measure	of	Strain	and	Electronic	Structure	in	GaAs	/	GaP	Core	-	Shell	Nanowires,”	Nano	Lett.,	vol.	10,	pp.	880–886,	2010.	[37]	 J.	Treu,	M.	Bormann,	H.	Schmeiduch,	M.	Do,	S.	Morko,	S.	Matich,	P.	Wiecha,	K.	Saller,	B.	Mayer,	M.	Bichler,	M.	Amann,	J.	J.	Finley,	G.	Abstreiter,	and	G.	Koblmu,	“Enhanced	Luminescence	Properties	of	InAs	−	InAsP	Core	−	Shell	Nanowires,”	Nano	Lett.,	vol.	13,	no.	12,	pp.	6070–6077,	2013.	[38]	 N.	Skold,	L.	S.	Karlsson,	M.	W.	Larsson,	M.	Pistol,	W.	Seifert,	and	J.	Tra,	“Growth	and	Optical	Properties	of	Strained	GaAs	−	GaxIn1	-	xP	Core	−	Shell	Nanowires,”	Nano	Lett.,	vol.	5,	no.	10,	pp.	1943–1947,	2005.	[39]	 M.	E.	Pistol	and	C.	E.	Pryor,	“Band	structure	of	core-shell	semiconductor	nanowires,”	
Phys.	Rev.	B	-	Condens.	Matter	Mater.	Phys.,	vol.	78,	no.	11,	pp.	1–12,	2008.	[40]	 R.	S.	Wagner	and	W.	C.	Ellis,	“Vapor-liquid-solid	mechanism	of	single	crystal	growth,”	
Appl.	Phys.	Lett.,	vol.	4,	no.	5,	pp.	89–90,	1964.	[41]	 X.	Duan	and	C.	M.	Lieber,	“General	synthesis	of	compound	semiconductor	nanowires,”	
Adv.	Mater.,	vol.	12,	no.	4,	pp.	298–302,	2000.	
2.	Basic	concepts		
	
	
	 	 37	
	
	
[42]	 C.-C.	Chen,	C.-C.	Yeh,	C.-H.	Chen,	M.-Y.	Yu,	H.-L.	Liu,	J.-J.	Wu,	K.-H.	Chen,	L.-C.	Chen,	J.-Y.	Peng,	and	Y.-F.	Chen,	“Catalytic	Growth	and	Characterization	of	Gallium	Nitride	Nanowires,”	J.	Am.	Chem.	Soc.,	vol.	123,	no.	12,	pp.	2791–2798,	2001.	[43]	 J.	Arbiol,	B.	Kalache,	P.	R.	i	Cabarrocas,	J.	R.	Morante,	and	A.	F.	i	Morral,	“Influence	of	Cu	as	a	catalyst	on	the	properties	of	silicon	nanowires	synthesized	by	the	vapour–solid–solid	mechanism,”	Nanotechnology,	vol.	18,	no.	30,	p.	305606,	2007.	[44]	 X.	Weng,	R.	a	Burke,	and	J.	M.	Redwing,	“The	nature	of	catalyst	particles	and	growth	mechanisms	of	GaN	nanowires	grown	by	Ni-assisted	metal–organic	chemical	vapor	deposition,”	Nanotechnology,	vol.	20,	no.	8,	p.	085610,	2009.	[45]	 C.	Colombo,	D.	Spirkoska,	M.	Frimmer,	G.	Abstreiter,	and	a.	Fontcuberta	I	Morral,	“Ga-assisted	catalyst-free	growth	mechanism	of	GaAs	nanowires	by	molecular	beam	epitaxy,”	Phys.	Rev.	B	-	Condens.	Matter	Mater.	Phys.,	vol.	77,	no.	15,	pp.	2–6,	2008.	[46]	 K.	Tomioka,	K.	Ikejiri,	T.	Tanaka,	J.	Motohisa,	S.	Hara,	K.	Hiruma,	and	T.	Fukui,	“Selective-area	growth	of	III-V	nanowires	and	their	applications,”	J.	Mater.	Res.,	vol.	26,	no.	17,	pp.	2127–2141,	2011.	[47]	 J.	Bolinsson,	P.	Caroff,	B.	Mandl,	and	K.	A.	Dick,	“Wurtzite-zincblende	superlattices	in	InAs	nanowires	using	a	supply	interruption	method.,”	Nanotechnology,	vol.	22,	no.	26,	p.	265606,	2011.	[48]	 K.	A.	Dick,	P.	Caroff,	J.	Bolinsson,	M.	E.	Messing,	J.	Johansson,	K.	Deppert,	L.	R.	Wallenberg,	and	L.	Samuelson,	“Control	of	III–V	nanowire	crystal	structure	by	growth	parameter	tuning,”	Semicond.	Sci.	Technol.,	vol.	25,	no.	2,	p.	024009,	2010.	[49]	 P.	Caroff,	J.	Bolinsson,	and	J.	Johansson,	“Crystal	phases	in	III-V	nanowires:	From	random	toward	engineered	polytypism,”	IEEE	J.	Sel.	Top.	Quantum	Electron.,	vol.	17,	no.	4,	pp.	829–846,	2011.	[50]	 H.	J.	Joyce,	Q.	Gao,	J.	Wong-Leung,	Y.	Kim,	H.	H.	Tan,	and	C.	Jagadish,	“Tailoring	GaAs,	InAs,	and	InGaAs	nanowires	for	optoelectronic	device	applications,”	IEEE	J.	Sel.	Top.	
Quantum	Electron.,	vol.	17,	no.	4,	pp.	766–778,	2011.	[51]	 S.	Hofmann,	R.	Sharma,	C.	T.	Wirth,	F.	Cervantes-Sodi,	C.	Ducati,	T.	Kasama,	R.	E.	Dunin-Borkowski,	J.	Drucker,	P.	Bennett,	and	J.	Robertson,	“Ledge-flow-controlled	catalyst	interface	dynamics	during	Si	nanowire	growth,”	Nat.	Mater.,	vol.	7,	no.	5,	pp.	372–375,	2008.	[52]	 B.	A.	Wacaser,	K.	A.	Dick,	J.	Johansson,	M.	T.	Borgström,	K.	Deppert,	and	L.	Samuelson,	“Preferential	interface	nucleation:	An	expansion	of	the	VLS	growth	mechanism	for	nanowires,”	Adv.	Mater.,	vol.	21,	no.	2,	pp.	153–165,	2009.	[53]	 F.	Glas,	“Chemical	potentials	for	Au-assisted	vapor-liquid-solid	growth	of	III-V	nanowires,”	J.	Appl.	Phys.,	vol.	108,	no.	7,	p.	073506,	2010.	[54]	 V.	a.	Nebol’sin	and	a.	a.	Shchetinin,	“Role	of	Surface	Energy	in	the	Vapor	–	Liquid	–	Solid	Growth	of	Silicon,”	Inorg.	Mater.,	vol.	39,	no.	9,	pp.	899–903,	2003.	
2.	Basic	concepts		
	
	
	 	 38	
	
	
[55]	 B.	A.	Wacaser,	K.	Deppert,	L.	S.	Karlsson,	L.	Samuelson,	and	W.	Seifert,	“Growth	and	characterization	of	defect	free	GaAs	nanowires,”	J.	Cryst.	Growth,	vol.	287,	no.	2,	pp.	504–508,	2006.	[56]	 C.-Y.	Wen,	J.	Tersoff,	M.	C.	Reuter,	E.	A.	Stach,	and	F.	M.	Ross,	“Step-Flow	Kinetics	in	Nanowire	Growth,”	Phys.	Rev.	Lett.,	vol.	105,	no.	19,	p.	195502,	2010.	[57]	 K.	Kolasinski,	“Catalytic	growth	of	nanowires:	Vapor–liquid–solid,	vapor–solid–solid,	solution–liquid–solid	and	solid–liquid–solid	growth,”	Curr.	Opin.	Solid	State	Mater.	
Sci.,	vol.	10,	no.	3–4,	pp.	182–191,	2006.	[58]	 T.	C.	Thomas	and	R.	S.	Williams,	“Solid	phase	equilibria	in	the	Au-Ga-As,	Au-Ga-Sb,	Au-In-As,	and	Au-In-Sb	ternaries,”	J.	Mater.	Res.,	vol.	1,	no.	02,	pp.	352–360,	1986.	[59]	 C.	Chatillon,	F.	Hodaj,	and	a.	Pisch,	“Thermodynamics	of	GaAs	nanowire	MBE	growth	with	gold	droplets,”	J.	Cryst.	Growth,	vol.	311,	no.	14,	pp.	3598–3608,	2009.	[60]	 M.	Tchernycheva,	J.	C.	Harmand,	G.	Patriarche,	L.	Travers,	and	G.	E.	Cirlin,	“Temperature	conditions	for	GaAs	nanowire	formation	by	Au-assisted	molecular	beam	epitaxy.,”	Nanotechnology,	vol.	17,	no.	16,	pp.	4025–4030,	2006.	[61]	 M.	Ghasemi,	B.	Sundman,	S.	G.	Fries,	and	J.	Johansson,	“The	thermodynamic	assessment	of	the	Au-In-Ga	system,”	J.	Alloys	Compd.,	vol.	600,	pp.	178–185,	2014.	[62]	 S.	G.	Ghalamestani,	M.	Ek,	M.	Ghasemi,	P.	Caroff,	J.	Johansson,	and	K.	a.	Dick,	“Morphology	and	composition	controlled	Ga	x	In	1−x	Sb	nanowires:	understanding	ternary	antimonide	growth,”	Nanoscale,	vol.	6,	no.	2,	pp.	1086–1092,	2014.	[63]	 K.	A.	Dick,	K.	Deppert,	L.	S.	Karlsson,	L.	R.	Wallenberg,	L.	Samuelson,	and	W.	Seifert,	“A	New	Understanding	of	Au-Assisted	Growth	of	III-V	Semiconductor	Nanowires,”	Adv.	
Funct.	Mater.,	vol.	15,	no.	10,	pp.	1603–1610,	2005.	[64]	 P.	J.	Poole,	D.	Dalacu,	X.	Wu,	J.	Lapointe,	and	K.	Mnaymneh,	“Interplay	between	crystal	phase	purity	and	radial	growth	in	InP	nanowires,”	Nanotechnology,	vol.	23,	no.	38,	p.	385205,	2012.	[65]	 S.	Gorji	Ghalamestani,	M.	Heurlin,	L.-E.	Wernersson,	S.	Lehmann,	and	K.	A.	Dick,	“Growth	of	InAs/InP	core-shell	nanowires	with	various	pure	crystal	structures.,”	
Nanotechnology,	vol.	23,	no.	28,	p.	285601,	2012.	[66]	 M.	A.	Verheijen,	G.	Immink,	T.	De	Smet,	M.	T.	Borgström,	and	E.	P.	a	M.	Bakkers,	“Growth	kinetics	of	heterostructured	GaP-GaAs	nanowires,”	J.	Am.	Chem.	Soc.,	vol.	128,	no.	9,	pp.	1353–1359,	2006.	[67]	 J.	Johansson,	C.	P.	T.	Svensson,	T.	Mårtensson,	L.	Samuelson,	and	W.	Seifert,	“Mass	transport	model	for	semiconductor	nanowire	growth.,”	J.	Phys.	Chem.	B,	vol.	109,	no.	28,	pp.	13567–13571,	2005.	[68]	 V.	G.	Dubrovskii,	N.	V.	Sibirev,	R.	a.	Suris,	G.	E.	Cirlin,	J.	C.	Harmand,	and	V.	M.	Ustinov,	“Diffusion-controlled	growth	of	semiconductor	nanowires:	Vapor	pressure	versus	high	vacuum	deposition,”	Surf.	Sci.,	vol.	601,	no.	18,	pp.	4395–4401,	2007.	
2.	Basic	concepts		
	
	
	 	 39	
	
	
[69]	 L.	E.	Jensen,	M.	T.	Bjo,	A.	I.	Persson,	B.	J.	Ohlsson,	and	L.	Samuelson,	“Role	of	Surface	Diffusion	in	Chemical	Beam	Epitaxy	of	InAs	Nanowires,”	Nano	Lett.,	vol.	4,	no.	10,	pp.	1961–1964,	2004.	[70]	 M.	Paladugu,	J.	Zou,	Y.	N.	Guo,	X.	Zhang,	Y.	Kim,	H.	J.	Joyce,	Q.	Gao,	H.	H.	Tan,	and	C.	Jagadish,	“Nature	of	heterointerfaces	in	GaAs/InAs	and	InAs/GaAs	axial	nanowire	heterostructures,”	Appl.	Phys.	Lett.,	vol.	93,	no.	10,	p.	101911,	2008.	[71]	 D.	E.	Perea,	N.	Li,	R.	M.	Dickerson,	A.	Misra,	and	S.	T.	Picraux,	“Controlling	heterojunction	abruptness	in	VLS-grown	semiconductor	nanowires	via	in	situ	catalyst	alloying,”	Nano	Lett.,	vol.	11,	no.	8,	pp.	3117–3122,	2011.	[72]	 K.	A.	Dick,	J.	Bolinsson,	B.	M.	Borg,	and	J.	Johansson,	“Controlling	the	Abruptness	of	Axial	Heterojunctions	in	III−V	Nanowires:	Beyond	the	Reservoir	Effect,”	Nano	Lett.,	vol.	12,	no.	6,	pp.	3200–3206,	2012.	[73]	 N.	Jiang,	Q.	Gao,	P.	Parkinson,	J.	Wong-Leung,	S.	Mokkapati,	S.	Breuer,	H.	H.	Tan,	C.	L.	Zheng,	J.	Etheridge,	and	C.	Jagadish,	“Enhanced	minority	carrier	lifetimes	in	GaAs/AlGaAs	core-shell	nanowires	through	shell	growth	optimization,”	Nano	Lett.,	vol.	13,	no.	11,	pp.	5135–5140,	2013.	[74]	 M.	Paladugu,	J.	Zou,	Y.	N.	Guo,	G.	J.	Auchterlonie,	H.	J.	Joyce,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	and	Y.	Kim,	“Novel	growth	phenomena	observed	in	axial	InAs/GaAs	nanowire	heterostructures,”	Small,	vol.	3,	no.	11,	pp.	1873–1877,	2007.	[75]	 M.	E.	Messing,	J.	Wong-Leung,	Z.	Zanolli,	H.	J.	Joyce,	H.	H.	Tan,	Q.	Gao,	L.	R.	Wallenberg,	J.	Johansson,	and	C.	Jagadish,	“Growth	of	straight	InAs-on-GaAs	nanowire	heterostructures,”	Nano	Lett.,	vol.	11,	no.	9,	pp.	3899–3905,	2011.	[76]	 K.	A.	Dick,	S.	Kodambaka,	M.	C.	Reuter,	K.	Deppert,	L.	Samuelson,	W.	Seifert,	L.	R.	Wallenberg,	and	F.	M.	Ross,	“The	morphology	of	axial	and	branched	nanowire	heterostructures,”	Nano	Lett.,	vol.	7,	no.	6,	pp.	1817–1822,	2007.	[77]	 R.	E.	Algra,	M.	Hocevar,	M.	A.	Verheijen,	I.	Zardo,	G.	G.	W.	Immink,	W.	J.	P.	van	Enckevort,	G.	Abstreiter,	L.	P.	Kouwenhoven,	E.	Vlieg,	and	E.	P.	A.	M.	Bakkers,	“Crystal	structure	transfer	in	core/shell	nanowires.,”	Nano	Lett.,	vol.	11,	no.	4,	pp.	1690–4,	2011.	[78]	 S.	G.	Ghalamestani,	a	M.	Munshi,	D.	L.	Dheeraj,	B.-O.	Fimland,	H.	Weman,	and	K.	A.	Dick,	“Self-catalyzed	MBE	grown	GaAs/GaAsxSb1-x	core-shell	nanowires	in	ZB	and	WZ	crystal	structures.,”	Nanotechnology,	vol.	24,	no.	40,	p.	405601,	2013.	[79]	 T.	Rieger,	T.	Schäpers,	D.	Grützmacher,	and	M.	I.	Lepsa,	“Crystal	Phase	Selective	Growth	in	GaAs/InAs	Core–Shell	Nanowires,”	Cryst.	Growth	Des.,	vol.	14,	no.	3,	pp.	1167–1174,	2014.	[80]	 K.	L.	Kavanagh,	I.	Saveliev,	M.	Blumin,	G.	Swadener,	and	H.	E.	Ruda,	“Faster	radial	strain	relaxation	in	InAs-GaAs	core-shell	heterowires,”	J.	Appl.	Phys.,	vol.	111,	no.	4,	p.	044301,	2012.	
2.	Basic	concepts		
	
	
	 	 40	
	
	
[81]	 H.	Chu,	C.	Zhou,	J.	Wang,	and	I.	J.	Beyerlein,	“Misfit	strain	relaxation	mechanisms	in	core/shell	nanowires,”	JOM	J.	Miner.	Met.	Mater.	Soc.,	vol.	64,	no.	10,	pp.	1258–1262,	2012.	[82]	 K.	E.	Aifantis,	a.	L.	Kolesnikova,	and	a.	E.	Romanov,	“Nucleation	of	misfit	dislocations	and	plastic	deformation	in	core/shell	nanowires,”	Philos.	Mag.,	vol.	87,	no.	30,	pp.	4731–4757,	2007.	[83]	 I.	A.	Goldthorpe,	A.	F.	Marshall,	and	P.	C.	McIntyre,	“Synthesis	and	strain	relaxation	of	Ge-core/Si-shell	nanowire	arrays,”	Nano	Lett.,	vol.	8,	no.	11,	pp.	4081–4086,	2008.	[84]	 S.	Conesa-Boj,	H.	I.	T.	Hauge,	M.	A.	Verheijen,	S.	Assali,	A.	Li,	E.	P.	A.	M.	Bakkers,	and	A.	Fontcuberta	i	Morral,	“Cracking	the	Si	Shell	Growth	in	Hexagonal	GaP-Si	Core–Shell	Nanowires,”	Nano	Lett.,	vol.	15,	no.	5,	pp.	2974–2979,	2015.	[85]	 M.	J.	L.	Sourribes,	I.	Isakov,	M.	Pan,	H.	Liu,	and	P.	A.	Warburton,	“Mobility	Enhancement	by	Sb-mediated	Minimisation	of	Stacking	Fault	Density	in	InAs	Nanowires	Grown	on	Silicon	Growth	of	InAs	and	InAsSb	nanowires,”	Nano	Lett.,	vol.	14,	no.	1,	pp.	1–10,	2014.	[86]	 S.	Morkötter,	S.	Funk,	M.	Liang,	M.	Döblinger,	S.	Hertenberger,	J.	Treu,	D.	Rudolph,	A.	Yadav,	J.	Becker,	M.	Bichler,	G.	Scarpa,	P.	Lugli,	I.	Zardo,	J.	J.	Finley,	G.	Abstreiter,	and	G.	Koblmüller,	“Role	of	microstructure	on	optical	properties	in	high-uniformity	In1-xGaxAs	nanowire	arrays:	Evidence	of	a	wider	wurtzite	band	gap,”	Phys.	Rev.	B	-	
Condens.	Matter	Mater.	Phys.,	vol.	87,	no.	20,	pp.	1–9,	2013.	[87]	 C.	Thelander,	P.	Caroff,	S.	Plissard,	A.	W.	Dey,	and	K.	A.	Dick,	“Effects	of	crystal	phase	mixing	on	the	electrical	properties	of	InAs	nanowires,”	Nano	Lett.,	vol.	11,	no.	6,	pp.	2424–2429,	2011.	[88]	 D.	Spirkoska,	J.	Arbiol,	A.	Gustafsson,	S.	Conesa-Boj,	F.	Glas,	I.	Zardo,	M.	Heigoldt,	M.	H.	Gass,	A.	L.	Bleloch,	S.	Estrade,	M.	Kaniber,	J.	Rossler,	F.	Peiro,	J.	R.	Morante,	G.	Abstreiter,	L.	Samuelson,	and	A.	Fontcuberta	I	Morral,	“Structural	and	optical	properties	of	high	quality	zinc-blende/wurtzite	GaAs	nanowire	heterostructures,”	
Phys.	Rev.	B	-	Condens.	Matter	Mater.	Phys.,	vol.	80,	no.	24,	pp.	1–9,	2009.	[89]	 J.-M.	M.	Jancu,	K.	Gauthron,	L.	Largeau,	G.	Patriarche,	J.-C.	C.	Harmand,	and	P.	Voisin,	“Type	II	heterostructures	formed	by	zinc-blende	inclusions	in	InP	and	GaAs	wurtzite	nanowires,”	Appl.	Phys.	Lett.,	vol.	97,	no.	4,	p.	041910,	2010.	[90]	 K.	Pemasiri,	M.	Montazeri,	R.	Gass,	L.	M.	Smith,	H.	E.	Jackson,	J.	Yarrison-Rice,	S.	Paiman,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	X.	Zhang,	and	J.	Zou,	“Carrier	dynamics	and	quantum	confinement	in	type	II	ZB-WZ	InP	nanowire	homostructures,”	Nano	Lett.,	vol.	9,	no.	2,	pp.	648–654,	2009.	[91]	 L.	Zhang,	J.	W.	Luo,	A.	Zunger,	N.	Akopian,	V.	Zwiller,	and	J.	C.	Harmand,	“Wide	InP	Nanowires	with	wurtzite/zincblende	superlattice	segments	are	type-II	whereas	narrower	nanowires	become	type-I:	An	atomistic	pseudopotential	calculation,”	Nano	
Lett.,	vol.	10,	no.	10,	pp.	4055–4060,	2010.	[92]	 R.	R.	Lapierre,	A.	C.	E.	Chia,	S.	J.	Gibson,	C.	M.	Haapamaki,	J.	Boulanger,	R.	Yee,	P.	Kuyanov,	J.	Zhang,	N.	Tajik,	N.	Jewell,	and	K.	M.	A.	Rahman,	“III-V	nanowire	
2.	Basic	concepts		
	
	
	 	 41	
	
	
photovoltaics:	Review	of	design	for	high	efficiency,”	Phys.	Status	Solidi	-	Rapid	Res.	
Lett.,	vol.	7,	no.	10,	pp.	815–830,	2013.	[93]	 K.	A.	Dick,	C.	Thelander,	L.	Samuelson,	and	P.	Caroff,	“Crystal	phase	engineering	in	single	InAs	nanowires,”	Nano	Lett.,	vol.	10,	no.	9,	pp.	3494–3499,	2010.	[94]	 P.	Krogstrup,	R.	Popovitz-Biro,	E.	Johnson,	M.	H.	Madsen,	J.	Nygård,	H.	Shtrikman,	P.	Kusch,	E.	Grelich,	C.	Somaschini,	E.	Luna,	M.	Ramsteiner,	L.	Geelhaar,	H.	Riechert,	S.	Reich,	and	L.	Samuelson,	“Structural	phase	control	in	self-catalyzed	growth	of	GaAs	nanowires	on	silicon	(111),”	Phys.	Rev.	B	-	Condens.	Matter	Mater.	Phys.,	vol.	89,	no.	11,	pp.	1–5,	2003.	[95]	 D.	L.	Dheeraj,	A.	M.	Munshi,	M.	Scheffler,	A.	J.	van	Helvoort,	H.	Weman,	and	B.	O.	Fimland,	“Controlling	crystal	phases	in	GaAs	nanowires	grown	by	Au-assisted	molecular	beam	epitaxy.,”	Nanotechnology,	vol.	24,	no.	1,	p.	015601,	2013.	[96]	 S.	Lehmann,	J.	Wallentin,	D.	Jacobsson,	K.	Deppert,	and	K.	A.	Dick,	“A	general	approach	for	sharp	crystal	phase	switching	in	InAs,	GaAs,	InP,	and	GaP	nanowires	using	only	group	v	flow,”	Nano	Lett.,	vol.	13,	no.	9,	pp.	4099–4105,	2013.	[97]	 H.	J.	Joyce,	Q.	Gao,	H.	H.	Tan,	C.	Jagadish,	Y.	Kim,	M.	A.	Fickenscher,	S.	Perera,	T.	B.	Hoang,	L.	M.	Smith,	H.	E.	Jackson,	J.	M.	Yarrison-Rice,	X.	Zhang,	and	J.	Zou,	“Unexpected	benefits	of	rapid	growth	rate	for	III-V	nanowires,”	Nano	Lett.,	vol.	9,	no.	2,	pp.	695–701,	2009.	[98]	 J.	Johansson,	J.	Bolinsson,	M.	Ek,	P.	Caroff,	and	K.	A.	Dick,	“Combinatorial	Approaches	to	Understanding	Polytypism	in	III	À	V	Nanowires,”	ACS	Nano,	vol.	6,	no.	7,	pp.	6142–6149,	2012.	[99]	 J.	Johansson,	L.	S.	Karlsson,	K.	A.	Dick,	J.	Bolinsson,	B.	A.	Wacaser,	K.	Deppert,	and	L.	Samuelson,	“Effects	of	Supersaturation	on	the	Crystal	Structure	of	Gold	Seeded	III-V	Nanowires,”	Cryst.	Growth	Des.,	vol.	9,	no.	2,	pp.	766–773,	2009.	[100]	 F.	Glas,	J.	C.	Harmand,	and	G.	Patriarche,	“Why	does	wurtzite	form	in	nanowires	of	III-V	zinc	blende	semiconductors?,”	Phys.	Rev.	Lett.,	vol.	99,	no.	14,	pp.	3–6,	2007.	[101]	 J.	Johansson,	L.	S.	Karlsson,	C.	Patrik	T.	Svensson,	T.	Mårtensson,	B.	A.	Wacaser,	K.	Deppert,	L.	Samuelson,	and	W.	Seifert,	“Structural	properties	of	<111>	B-oriented	III–V	nanowires,”	Nat.	Mater.,	vol.	5,	no.	7,	pp.	574–580,	2006.	[102]	 S.	Lehmann,	D.	Jacobsson,	and	K.	A.	Dick,	“Crystal	phase	control	in	GaAs	nanowires:	opposing	trends	in	the	Ga-	and	As-limited	growth	regimes,”	Nanotechnology,	vol.	26,	no.	30,	p.	301001,	2015.	[103]	 H.	J.	Joyce,	J.	Wong-Leung,	Q.	Gao,	H.	Hoe	Tan,	and	C.	Jagadish,	“Phase	perfection	in	zinc	blende	and	wurtzite	III-	V	nanowires	using	basic	growth	parameters,”	Nano	Lett.,	vol.	10,	no.	3,	pp.	908–915,	2010.	[104]	 S.	A.	Dayeh,	E.	T.	Yu,	and	D.	Wang,	“III	−	V	Nanowire	Growth	Mechanism :	V	/	III	Ratio	and	Temperature	Effects,”	Nano	Lett.,	vol.	7,	no.	9,	pp.	2486–2490,	2007.	
2.	Basic	concepts		
	
	
	 	 42	
	
	
[105]	 P.	Caroff,	K.	A.	Dick,	J.	Johansson,	M.	E.	Messing,	K.	Deppert,	and	L.	Samuelson,	“Controlled	polytypic	and	twin-plane	superlattices	in	iii-v	nanowires.,”	Nat.	
Nanotechnol.,	vol.	4,	no.	1,	pp.	50–55,	2009.										
		
	 43	
	
	
Chapter	3		Experimental	techniques	
Overview		This	 chapter	 discusses	 the	 experimental	 techniques	 and	 procedures	 used	 throughout	 the	thesis	 for	 sample	 growth,	 and	 structural	 and	 optical	 characterisation.	 Basic	 principles	 of	each	technique	are	briefly	discussed	and	the	main	methods	of	analysis	are	presented.	
3.1	 Introduction		This	 chapter	 represents	 the	 overview	 of	 the	 experimental	 techniques	 used	 to	 grow	 and	characterise	nanowires	in	this	thesis.	This	includes	the	growth	using	metal-organic	vapour	vapour	 epitaxy	 (MOVPE),	 morphological	 and	 structural	 characterisation	 using	 scanning	electron	 microscopy	 (SEM)	 and	 transmission	 electron	 microscopy	 (TEM),	 compositional	mapping	using	scanning	transmission	electron	microscopy	energy	dispersive	X-ray	(STEM-EDX)	 spectroscopy	 and	 optical	 properties	 measurements	 using	 photoluminescence	 (PL)	setup.	 In	 this	 chapter,	 I	 include	 the	 basic	 principles	 of	 each	 technique	 that	 are	 highly	relevant	to	the	work	presented	in	this	thesis.	I	used	all	of	the	techniques	mentioned	above	to	grow	and	 characterise	my	 samples	 except	 for	PL	measurements	 at	 the	 longer	wavelength	range,	which	were	carried	out	in	collaboration	with	University	of	Oxford.	
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The	 chapter	 begins	 with	 the	 basics	 involved	 in	 growth	 of	 nanowire	 by	 MOVPE	followed	 by	 the	 characterisation	 of	 the	 nanowires	 using	 electron	 microscopes,	 SEM	 and	TEM.	Then,	the	basic	STEM-EDX	operation	and	how	EDX	quantitative	analysis	is	being	used	in	 my	 experimental	 work	 in	 determining	 the	 composition	 of	 InxGa1-xAs	 nanowires	 is	explained.	PL	experimental	setup	is	discussed	in	the	last	section	of	this	chapter.	
3.2	Metal-Organic	Vapour	Phase	Epitaxy	(MOVPE)	
3.2.1	Basic	principles	of	MOVPE		MOVPE	 is	 one	 of	 the	 methods	 used	 to	 grow	 crystalline	 materials.	 Epitaxy	 refers	 to	 the	deposition	 of	 thin	 crystalline	 layers	 on	 a	 similar	 crystalline	 substrate.	 MOVPE	 involves	 a	highly	 complex	 process	 in	 which	 the	 crystals	 are	 formed	 by	 chemical	 reactions	 at	 an	elevated	 temperature	 ambient.	 	 There	 are	 many	 processes	 that	 can	 occur	 in	 parallel	 or	series	prior	 to	deposition/epitaxy.	Some	examples	of	 these	processes	 involved	 include	gas	phase	reactions,	adsorption,	surface	diffusion,	redesorption,	desorption,	nucleation	and	step	growth	as	shown	in	figure	3.1.		
	
Figure	3.1:	Schematic	representation	of	examples	of	processes	and	mass	transport	that	can	occur	in	epitaxial	growth.	Adapted	from	[1].	In	MOVPE,	metalorganics	(MO)	and	hydrides	are	used	as	precursors.	For	example,	to	grow	 GaAs,	MOs	 such	 as	 trimethylgallium	 (TMGa)	 and	 hydride	 such	 as	 arsine	 (AsH3)	 are	used	as	 the	precursors.	These	precursors	react	over	a	heated	substrate	with	 the	 following	reaction:	
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Ga(CH3)3	+	AsH3	à	GaAs	+	3CH4	Different	 precursors	 and	 various	 combinations	may	 be	 used	 to	 produce	 various	 types	 of	crystals.	For	 the	growth	of	 InxGa1-xAs	nanowire,	MO	precursors	commonly	used	are	TMGa,	TMIn	and	AsH3.	The	decomposition	of	each	precursor	varies	depending	on	the	temperature	and	 the	 ambient	of	 the	 reactor.	 For	 example,	TMIn	has	 lower	decomposition	 temperature	than	TMGa	[2].			 	
3.2.2	Components	of	MOVPE		The	 main	 components	 of	 MOVPE	 can	 be	 grouped	 into	 three	 major	 sub-systems:	 the	 gas	delivery	 system,	 reactor	 growth	 chamber	 and	 exhaust	 system.	 In	 general,	 the	 MOVPE	components	can	be	simplified	as	shown	in	the	schematics	in	figure	3.2.		
		
Figure	3.2:	Schematic	diagram	of	major	components	in	a	typical	MOVPE	system.	
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3.2.2.1	Gas	delivery	system		The	gas	delivery	system	consists	of	stainless	steel	tubing,	manifolds,	purifiers,	filters,	valves,	pressure	controllers	(PC)	and	mass	flow	controllers	(MFC).	The	function	of	the	gas	delivery	system	 is	 to	 provide	 the	 right	 amount	 of	 precursors	 and	 carrier	 gases	 into	 the	 reactor	growth	chamber.		All	the	metal-organic	precursors	required	for	the	growth	are	transported	by	 a	 carrier	 gas	 (usually	 hydrogen)	 into	 the	 reactor	 via	 their	 own	 run	 lines	 and	will	 only	meet	at	the	reactor	growth	front.	These	actions	are	made	possible	with	pressure-balanced	switching	manifolds	that	can	prevent	transient	flow	and	pressure	condition	that	can	affect	the	 growth	 chamber.	 In	 the	 switching	 manifold,	 individual	 precursor	 gas	 flow	 can	 be	switched,	 combined	 or	 routed	 to	 run	 or	 vent	 lines	while	maintaining	 a	 stable	 differential	pressure	between	run	and	vent	lines.		MO	precursors	 are	 contained	 in	 stainless	 steel	 bubblers	 in	which	 the	 temperature	and	 pressure	 are	 kept	 constant	 for	 a	 certain	 desirable	 flow	 throughout	 the	 growth.	 To	ensure	 the	 temperatures	 are	 kept	 constant,	 these	 bubblers	 are	 placed	 in	 a	 temperature	controlled	baths.	Carrier	gases	are	transported	through	the	bubblers	to	carry	the	precursor	vapour	 into	 the	reactor	(run	 line)	or	 through	the	vent	 line.	The	pressure	 in	 the	bubbler	 is	stabilised	 via	 a	 pressure	 controller.	 Figure	 3.3	 shows	 a	 schematic	 diagram	 of	 the	 MO	precursor	transport	system.	
	
Figure	 3.3:	 Schematic	 diagram	 of	 bubbler	 configuration	 of	 a	 standard	 bubbler.	 Adapted	from	[3].		 	The	 molar	 flow	 rate	 of	 a	 MO	 precursor	𝑄!" 	(mol/min)	 is	 calculated	 with	 the	following	equation:		
𝑄!" = !!"!!#$%& !"#!!"# × !(!",!)! 	 	 	 	 	 (3.1)	
3.	Experimental	techniques	
	
	
	 47	
	
	
where	𝐹!"!!#$%& !"# 	is	the	flow	rate	of	the	gas	flowing	through	the	bubbler	(in	standard	cubic	centimeters	 per	 minute,	 sccm),	𝑃 	is	 the	 bubbler	 pressure	 (Torr),	𝑝(!",!) 	is	 the	 vapour	pressure	of	the	MO	(Torr)	at	bath	temperature	and	𝐶!"#	is	a	constant	for	molar	volume	of	an	ideal	gas	at	standard	temperature	(298.15K)	and	pressure	(760	Torr).		As	for	the	hydrides,	most	of	the	precursor	compounds	are	in	a	liquefied	gas	phase	in	high-pressure	cylinders	and	generally	are	transported	directly.	The	molar	flow	of	a	hydride	precursor	𝑄!!"#$"%(mol/min)	is	calculated	from	the	following	equation:	
𝑄!!"#$"% = !!!"#$"%!!"# 	 	 	 	 (3.2)	where	𝐹!!"#$"% 	is	the	flow	rate	of	the	gas	from	the	cylinder	(sccm),	which	is	regulated	by	a	mass	flow	controller.		 	
3.2.2.2	Reactor	system		The	direction	of	the	primary	flow	injection	into	the	chamber	generally	defines	the	chamber	geometries.	Horizontal	 reactors	have	gas	phase	precursors	 flowing	horizontally	 in	parallel	to	 the	 susceptor	 and	 the	 substrate,	while	 vertical	 flow	 reactors	 have	 gas	 phase	 precursor	flowing	 vertically	 normal	 to	 the	 susceptor	 and	 the	 substrate	 surface.	 In	 this	 thesis,	 the	MOVPE	used	 is	 a	horizontal	planetary	 reactor	 system.	The	 system	 is	designed	 to	 improve	uniformity	by	employing	two	modes	of	rotation.	The	main	susceptor	rotates	to	average	any	thermal	imbalance	while	the	satellite	discs	holding	the	substrates	on	the	susceptor	rotate	in	the	opposite	direction	to	average	radial	reactant	depletion.		
3.2.2.3	Exhaust	system		Vent	lines	and	byproducts	from	the	run	line	passes	through	a	scrubber	where	the	chemicals	are	treated	to	safe	environmental	level.	 	In	the	scrubber,	the	unreacted	precursors	and	by-products	are	captured,	isolated	and/or	transformed.	The	scrubber	used	in	this	work	utilises	activated	carbon	 to	capture	 toxic	compounds	produced	by	 the	MOVPE	process.	Controlled	oxidation	 in	 the	 system	 turns	 harmful	 gases	 into	 solid	 oxides	 that	 can	 be	 disposed	more	safely.	 In	 addition	 to	 all	 of	 the	 above,	 the	 MOVPE	 facility	 is	 also	 equipped	 with	 a	 safety	system.	The	safety	system	includes	hydride	and	precursors	handling,	proper	sealing	for	the	
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gas	 flow	 system,	 alarm	 and	 interlock	 system.	 	 Together	 with	 proper	 training,	 the	 safety	system	is	to	ensure	MOVPE	can	be	used	routinely	in	a	safe	manner.	
3.2.3	Au-assisted	InGaAs	nanowire	growth	by	MOVPE		For	 this	 thesis,	 all	nanowires	were	grown	with	 the	horizontal	 flow	Aixtron	200/4	MOVPE	located	 at	 The	 Australian	 National	 University.	 Growth	 was	 carried	 out	 in	 a	 hydrogen	atmosphere	at	100	mbar	reactor	pressure,	with	a	total	flow	of	15	standard	litres	per	minute.			Gold	colloids	in	the	form	of	a	commercially	bought	suspended	solution	(Ted	Pella®)	were	used	as	seeds	for	the	InxGa1-xAs	nanowire	growth.	First	the	substrate	was	immersed	in	poly-L-lysine	 solution	 (PLL)	 for	 one	minute	 and	 rinsed	 in	 deionized	 (DI)	water.	 Then	 the	gold	colloid	solution	was	dispersed	onto	the	substrate	for	60s	and	finally	rinsed	again	in	DI	water	prior	to	loading	in	the	growth	chamber.	The	PLL	solution	creates	a	positively-charged	surface	 which	 immobilizes	 the	 gold	 colloid	 when	 the	 solution	 is	 dispersed	 onto	 the	substrate.	In	 the	 growth	 chamber,	 the	 sample	 is	 heated	 to	 a	 temperature	 of	 600	 °C	 for	 10	minutes	and	then	ramped	up	or	down	to	growth	temperature	for	the	growth	of	nanowires.	Figure	 3.4	 shows	 the	 standard	 operational	 growth	 temperature	 versus	 time	 graph	 of	 a	typical	InGaAs	nanowire.	The	highlighted	areas	are	the	times	when	the	precursors	flow	into	the	reactor.		The	AsH3	is	switched	into	the	reactor	when	the	temperature	reaches	390	°C	to	protect	the	GaAs	substrate	from	decomposing	at	higher	temperature.		TMIn	and	TMGa	flows	are	introduced	into	chamber	only	during	the	growth	of	the	nanowires.	At	the	end	of	growth,	both	 TMIn	 and	 TMGa	 are	 closed	 and	 the	 AsH3	 is	 left	 to	 flow	 into	 the	 reactor	 until	 the	temperature	has	cooled	down	to	200	°C	to	protect	the	nanowires	from	decomposing.			
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Figure	3.4:	Growth	temperature	versus	time	for	a	typical	nanowire	growth.	
3.3	Scanning	Electron	Microscopy	(SEM)	
3.3.1	Basic	principle	of	SEM		SEM	 is	 a	 powerful	 technique	 widely	 used	 for	 characterisation	 of	 materials.	 Electron	microscopes	use	a	beam	of	electrons	generated	either	by	tungsten	or	a	field	emission	gun.	This	allows	the	SEM	to	reach	magnifications	up	to	500,000	times	and	deeper	depth	of	field	as	 compared	 to	 the	 optical	 microscopes.	 The	 electrons	 are	 accelerated	 through	 a	 high	voltage	 and	 a	 series	 of	 electromagnetic	 lenses	 and	 aperture	 to	 produce	 a	 fine	 beam	 of	electrons.	 SEM	 images	 are	 obtained	 by	 scanning	 the	 fine	 beam	 onto	 a	 sample	 in	 a	 raster	pattern	and	collecting	the	signal	as	 it	scans.	The	 intensity	of	 the	signal	 is	 translated	as	the	brightness	 and	 contrast	 in	 the	 images.	 The	 brightness	 and	 the	 contrast	 represent	 certain	characteristics	 of	 the	 sample	 depending	 on	which	 signals	 are	 collected	 for	 that	 particular	scan.	When	an	electron	beam	hits	a	sample,	several	interactions	can	occur,	which	generate	a	number	of	signals	for	detection.	Various	signals	provide	different	types	of	information	of	the	sample	like	topography,	surface	morphology,	composition,	crystal	and	electronic	structure.	Figure	 3.5	 shows	 the	 various	 interactions	 that	 can	 occur	when	 an	 electron	 beam	hits	 the	sample.	
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Figure	3.5:	Electron-sample	interaction	In	SEM,	 two	main	signals	 that	are	commonly	collected	are	 the	secondary	electrons	and	back-scattered	electrons.	The	secondary	electrons	are	electrons	that	are	ejected	by	the	material	 near	 the	 surface	 and	 have	 low	 energies.	 Hence,	 the	 image	 retrieved	 from	 the	secondary	electrons	 signal	 can	provide	more	 topographic	details.	Backscattered	electrons,	on	the	other	hand,	have	higher	energy	and	are	more	sensitive	to	the	atomic	mass	(Z)	of	the	sample.	 Hence,	 the	 contrast	 obtained	 by	 the	 signals	 corresponds	 to	 the	 elements	 in	 the	sample.	Heavier	elements	would	appear	brighter	due	to	the	higher	amount	of	backscattered	electrons	than	the	lighter	elements.		
	
3.3.2	Components	of	SEM		Figure	3.6	shows	the	schematic	of	an	SEM	comprising	of	the	main	components	such	as	the	electron	gun,	electromagnetic	lenses,	apertures,	detectors	and	the	vacuum	chamber.	Each	of	these	components	has	their	own	detailed	principle	of	operation.	However	in	this	thesis,	they	are	briefly	explained	in	the	following	sub-sections.	
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Figure	3.6:		Schematic	of	a	typical	SEM	showing	the	main	components	
	
3.3.2.1	Electron	guns		Electron	guns	 can	 either	be	 thermionic	 guns	or	 field	 emission	 guns.	Thermionic	 guns	 (eg.	tungsten	filament)	produce	electrons	by	applying	thermal	energy	onto	the	filament	to	emit	electrons.	The	electrons	are	then	accelerated	towards	an	anode.	Field	emission	guns,	on	the	other	 hand,	 use	 a	 very	 strong	 electric	 field	 to	 extract	 electrons	 from	 the	 filament.	 This	 in	turn	gives	a	brighter	source	as	compared	to	thermionic	guns.	However,	it	requires	a	higher	vacuum	condition	to	operate.		
3.3.2.2	Electromagnetic	coil	lenses			Since	the	principle	of	SEM	uses	electrons	instead	of	light,	the	lenses	are	magnetic	instead	of	the	conventional	glass	used	for	the	light	microscopy.	Similar	to	glass	lenses,	the	role	of	the	electromagnetic	lenses	is	to	form	a	smaller	and	finely	focused	probe	incident	on	the	sample.	Two	main	lenses	are	used	in	SEM,	the	condenser	lenses	and	the	objective	lenses	as	shown	in	figure	 3.7.	 The	 condenser	 lenses	 control	 the	 number	 of	 electrons	 in	 the	 beam	 for	 a	 given	aperture	 size	while	 the	objective	 lenses	 focus	 the	 electrons	on	 the	 sample	 at	 the	working	distance.	The	lenses	are	controlled	by	adjusting	the	amount	of	current	flowing	through	the	coils	around	the	iron	core	of	the	magnet.		
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3.3.2.3	Detectors	
	 	SEM	 uses	 the	 Everhart-Thornley	 detector	 to	 collect	 signals	 from	 secondary	 and	 back-scattered	electrons.	The	detector	mainly	consists	of	a	scintillator	surrounded	by	a	Faraday	cage.	The	schematic	of	the	Everhart-Thornley	detector	 is	shown	in	figure	3.7.	The	Faraday	cage	 is	maintained	at	 low	positive	potential	 (~+200	V)	 to	attract	 low	energy	electron	and	the	 rest	 of	 the	 electrons	 are	 then	 attracted	 by	 the	 higher	 positive	 potential	 (~+10	 kV)	scintillator.	 The	 electrons	 are	 then	 converted	 into	 light	 photons	 and	 guided	 to	 a	photomultiplier	tube	for	amplification	ready	to	be	processed	as	the	output	signal.	
	
Figure	3.7:	Schematic	of	Everhart-Thornley	detector	for	collecting	secondary	electron	signals.	By	applying	a	negative	voltage	to	the	Faraday	cage,	the	detector	can	act	as	a	back-scattered	electron	detector.	However,	a	dedicated	back-scattered	electron	detector	is	often	used	for	this	purpose.		
3.3.2.4	Vacuum	system	
	
A	 standard	 SEM	 operates	 in	 high	 vacuum	 (10-6	Torr)	 to	 allow	 electrons	 to	 travel	 freely	between	the	sample	and	the	detector.	In	addition	the	high	vacuum	also	protects	the	electron	guns	of	the	system.	Commonly	the	SEM	comprises	of	a	combination	of	pump	system	to	reach	the	high	vacuum.	This	usually	includes	a	rotary	mechanical	pump	pumping	on	the	excess	gas	pumped	by	a	diffusion	pump	or	a	turbo-molecular	pump.							
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3.3.2	Determining	the	parameters	of	nanowires	using	SEM	images	
	In	this	thesis,	SEM	images	using	secondary	electron	mode	are	either	obtained	with	a	Zeiss	Ultra	FESEM,	FEI	Helios	600	Nanolab	or	FEI	Verios	system.	The	SEMs	are	normally	operated	with	 low	 voltage	 (1-3	 kV)	 and	 small	 apertures	 to	 obtain	 high	 resolution	 details	 of	 the	surface.	 The	 SEM	 images	 are	 used	 to	 determine	 the	 basic	 morphological	 detail	 of	 the	nanowires	 such	 as	 the	 facets,	 roughness	 and	 shape	 of	 the	 nanowires.	 	 Such	 information	generally	 gives	 more	 insight	 on	 what	 to	 expect	 when	 performing	 other	 characterization	such	 as	 TEM.	 Nanowire	 parameters	 such	 as	 their	 height,	 tapering	 factor	 and	 facets	 are	extracted	from	the	SEM	images.	This	is	basically	done	using	software	like	Image	J.	In	figure	3.8,	a	standard	evaluation	of	a	nanowire	is	shown.	Measurements	are	done	on	more	than	20	nanowires	for	each	sample	and	the	average	values	with	its	standard	deviations	are	used	for	plots	in	this	thesis.				
											 	
Figure	 3.8:	 Evaluation	 of	 nanowire	 dimensions	 from	 tilted	 SEM	 image	 and	 facet	determination	 from	 top	 view	 SEM	 image	 using	 calculated	 angles	 from	 the	 known	 cleaved	edge.	
3.4	Transmission	Electron	Microscopy	(TEM)	
3.4.1	Basic	principle	of	TEM		Similar	 to	 SEM,	 TEM	 uses	 an	 electron	 beam	 to	 interact	 with	 the	 sample.	 In	 TEM,	 the	transmitted	electron	signal	is	used	to	form	the	final	 image.	Hence,	higher	energy	(200-300	kV)	is	used	in	TEM	to	accelerate	the	electron	beam	to	produce	more	transmitted	electrons.	Similar	to	the	principle	of	the	light	microscopes,	electron	beams	are	focused	onto	the	sample	using	electromagnetic	 lenses	and	the	transmitted	beam	is	 then	focused	onto	the	phosphor	
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screen	 or	 the	 charge	 couple	 device	 (CCD)	 camera	 by	 the	 objective	 lenses.	 TEM	 can	 be	operated	in	two	modes,	diffraction	and	imaging	mode.	Diffraction	pattern	(DP)	is	formed	on	the	 back	 focal	 plane	 of	 the	 objective	 lens.	 Images	 are	 formed	 on	 the	 image	 plane	 after	translated	by	the	objective	lens	and	the	intermediate	lenses.			
	
Figure	3.9:	Bragg	scattering	process.		Electrons	that	pass	through	a	crystalline	lattice	will	undergo	a	Bragg	scattering	(figure	3.10)	and	the	scattering	is	collected	as	a	diffraction	pattern	(DP).	Bragg’s	law	is	defined	as			𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃	 	 	 	 	 	 	 (3.3)	 		where	n	is	a	positive	integer,	λ	is	the	wavelength	of	incident	wave,	d	is	the	inteplanar	distance	between	the	lattice	planes	and	𝜃	is	the	scattering	angle	as	shown	in	figure	3.9.	The	relation	of	d-spacing	and	Miller	indices	is	defined	with	the	following	equation:		𝑑 = !!!!!!!!!	 	 	 	 	 	 	 (3.4)		where	a	is	the	lattice	constant	of	the	cubic	crystal,	and	h,	k	and	l	are	the	Miller	indices	of	the	Bragg	plane.	With	the	two	equations	above,	the	lattice	constant	of	a	particular	cubic	crystal	can	be	expressed	with	the	following	equation:		 !!! ! = !"#!!!!!!!!!!	 	 	 	 	 	 (3.5)		 In	order	to	obtain	a	useful	DP,	an	aperture	is	used	to	select	a	region	of	 interest	 for	diffraction.	 The	 diffraction	 pattern	 resulted	 from	 this	 technique	 is	 known	 as	 the	 selected	area	 electron	 diffraction	 pattern	 (SADP)	 or	 selected	 area	 electron	 diffraction	 (SAED)	pattern.	The	SAED	pattern	can	be	used	to	determine	the	crystal	structure	of	the	sample	and	examine	crystal	defects.	Often	the	samples	have	to	be	 tilted	 to	a	certain	zone	axis	so	as	 to	
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identify	the	SAED	pattern.	Using	the	SAED	pattern,	two	basic	types	of	imaging	of	the	samples	can	be	performed:	bright	field	(BF)	and	dark-field	(DF)	imaging.		This	can	be	done	by	simply	inserting	 the	objective	apertures	 to	select	either	 the	bright	 spot	 in	 the	centre	of	 the	SAED	pattern	for	BF	imaging	or	by	blocking	the	central	spot	(selecting	other	nearest	spot)	for	DF	imaging.	 Bright	 field	 image	 would	 give	 the	 mass-thickness	 and	 diffraction	 contrast.	 For	example,	thick	areas,	areas	in	which	heavy	atoms	are	enriched,	and	crystalline	areas	appear	with	dark	contrast.	Dark	 field	 image	on	 the	other	hand	gives	more	specific	 contrast	about	planar	 defects,	 stacking	 faults	 or	 particle	 size	which	 appears	 as	 bright	 contrast	 as	 it	 only	uses	the	nondiffracted	beam	on	the	sample.		
3.4.2	Components	of	TEM		Figure	3.10	shows	the	photo	of	a	TEM	and	the	schematic	showing	the	main	components.	Similar	to	SEM,	the	main	components	consist	of	the	electron	gun,	electromagnetic	lenses,	apertures	and	vacuum	column.		In	terms	of	their	components,	TEM	have	a	taller	electron	beam	column	to	allow	higher	acceleration	for	higher	energy	beam.	In	this	thesis,	TEM-FEG	JEM	2100F	located	at	the	Centre	for	Advanced	Microscopy,	Australian	Microscopy	and	Microanalysis	Research	Facility,	The	Australian	National	University	was	used	for	all	of	the	TEM	characterisation.						
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Figure	3.10:	TEM	photo	and	its	schematic	showing	the	internal	structure.	Figure	after	[4].		
3.4.2	Nanowire	specimen	preparation	for	TEM		 	Since	TEM	uses	the	transmitted	electrons	for	imaging,	the	sample	has	to	be	thin	enough,	i.e.	electron	 transparent.	 Due	 to	 the	 nanometer	 scale	 dimensions	 of	 nanowire	 thickness	 /	diameter,	 this	 can	be	 easily	 achieved.	Nanowire	 samples	 are	prepared	 for	TEM	by	 careful	mechanical	transfer	of	the	nanowires	from	the	substrate	onto	a	holey	carbon-coated	copper	grid.	 In	 some	 cases,	 nanowires	 are	 suspended	 in	 the	 iso-propanol	 by	means	 of	 putting	 a	piece	of	substrate	 (about	~5	mm2)	with	nanowires	 into	a	beaker	with	about	10	ml	of	 iso-propanol	which	 is	 then	ultrasonicated	 for	about	1	minute.	Then,	 few	drops	of	 the	solution	are	transferred	onto	the	holey	carbon-coated	copper	grid	and	left	to	dry.		The	cross-sections	of	the	nanowires	are	prepared	by	first	embedding	the	nanowires	into	Spurr	resin.	Slicing	nanowires	in	an	embedded	epoxy	resin	is	one	of	the	more	practical	
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ways	 of	 having	 thin	 enough	 cross-sections	 for	 characterisation	 under	 the	 TEM.	 This	technique	has	been	introduced	in	previous	reports	[5],	[6].	The	Spurr	resin	is	based	on	four	components	ERL	4221,	D.E.R.	736,	(diglycidyl	ether	of	polypropylene	glycol),	NSA,	Nonenyl	succinic	 and	 dimethylaminoethanol	 (DMAE).	 The	 Spurr	 mixture	 is	 often	 prepared	 fresh	prior	to	embedding	the	nanowires.	However,	a	recently	defrosted	one	can	also	be	used.	The	mixture	 is	 made	 with	 the	 ratio	 given	 by	 the	 manufacturer	 for	 a	 suitable	 hardness	 and	viscosity.		To	embed	nanowires	into	the	Spurr	resin,	a	small	piece	of	the	as-grown	nanowires	on	the	substrate	is	placed	in	a	mould	facing	up.	The	Spurr	mixture	is	then	is	transferred	into	the	mould	using	a	syringe.	The	mould	is	left	to	dry	in	an	oven	at	70	°C	for	8	hours.	Once	the	mould	is	dry,	the	resin	block	is	taken	out	of	the	mould	and	reshaped	to	suit	the	process	of	microtoming.	Prior	to	shaping	the	slices,	the	substrate	is	first	removed	from	the	resin.	This	can	 be	 done	 by	 trimming	 the	 resin	 on	 each	 side	 of	 the	 substrate	 and	 immersing	 the	substrate	in	liquid	nitrogen.	The	thermal	effect	of	quenching	the	substrate	into	the	nitrogen	makes	the	substrate	fall	off	from	the	resin	easily.	Once	the	substrate	is	off,	only	nanowires	are	 left	 in	 the	 resin.	 The	 exposed	 surface	 is	 also	 smooth	 and	 shiny	making	 it	 perfect	 for	aligning	with	the	microtome	knife	for	shaping	and	slicing.	The	resin	is	then	sliced	into	thin	sections	 using	 the	 ultramicrotome	with	 a	 diamond	 knife.	 Generally,	 the	 cutting	 surface	 is	aligned	with	the	knife-edge	to	ensure	that	the	slices	are	uniform	in	thickness	and	to	protect	the	knife	 from	damage	due	to	thick	cuts.	 In	rotary	microtome	such	as	 the	ultramicrotome,	the	 knife	 is	 fixed	 in	 a	 horizontal	 position	 and	 the	 cutting	 surface	 is	 brought	 towards	 the	knife-edge	 in	 a	 rotary	motion	 (figure	 3.11).	 The	 slicing	 begins	 as	 the	 surface	 touches	 the	blade	and	 the	 slices	are	delivered	 into	 the	 trough.	The	 trough	 is	 filled	with	water	 levelled	with	 the	knife-edge	 to	allow	slices	 to	slide	smoothly.	The	slicing	continues	 in	rotation	and	the	slices	are	delivered	with	each	rotation	aligned	on	top	of	each	other	as	shown	in	the	inset	of	figure	3.11.	The	slices	are	then	lifted	up	onto	a	TEM	grid	and	left	to	dry.					
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Figure	3.11:	a)	The	ultramicrotome	slicing	technique.	Inset:	slices	of	resin	for	TEM	prepared	by	ultramicrotome.	
3.5	 Scanning	 Transmission	 Electron	 Microscopy	 (STEM)	 and	
Energy	Dispersive	X-ray	(EDX)	Spectroscopy	
	
3.5.1	STEM		STEM	is	a	combination	of	both	SEM	and	TEM.	It	uses	the	scanning	principle	of	SEM	however	through	a	thin	sample	and	collects	the	transmitted	electrons	 like	a	TEM.	The	advantage	of	this	 is	 that	 STEM	 can	 spatially	 correlate	 the	 signal	 unlike	 TEM	 and	 can	 be	 in	 higher	resolution	 than	 that	 of	 SEM.	 STEM	 scans	 in	 raster	 pattern	with	 a	 finely	 focused	 electron	beam	across	the	sample	and	collect	serial	signals	which	are	then	correlated	with	the	beam	position.	This	is	very	useful	in	determining	the	characteristic	of	a	certain	area.	For		example,	EDX	 signal	 can	 be	 collected	 in	 the	 STEM	 mode,	 which	 can	 provide	 information	 on	 the	composition	 distribution	 of	 the	 sample.	 Furthermore,	 STEM	 can	 also	 be	 used	 for	 highly	dependent	 z-contrast	 imaging	 using	 the	 high-angle	 annular	 dark	 field	 (HAADF)	 mode.	 A	combination	 of	 both	 the	 EDX	 and	 HAADF	 can	 provide	 detailed	 information	 on	 the	concentration	 of	 elements	 present	 in	 the	 sample	 up	 to	 atomic	 level	 in	 an	 optimised	condition.					
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3.5.2	EDX	spectroscopy	
	As	represented	earlier	in	figure	3.5,	X-rays	can	be	produced	by	electron-sample	interaction.	X-rays	 are	 the	 inelastic	 scattering	 of	 electrons	 that	 can	 be	 triggered	 in	 two	 ways,	 the	Bremsstrahlung	 (continuum)	 or	 the	 characteristic	 x-ray	 emission.	 Bremsstrahlung	 X-rays	result	from	electrons	that	lose	energy	due	to	the	deceleration	when	it	interacts	with	an	atom	(figure	3.12	(a)).	The	emission	is	a	continuous	energy	spectrum	of	X-ray	photons	as	shown	in	figure	3.12(c).	Characteristic	X-rays	are	the	X-ray	emission	caused	by	the	transition	of	an	electron	from	an	inner	shell	towards	the	outer	shell.	This	transition	occurs	due	to	the	hole	created	in	the	first	place	by	high-energy	incident	electron	(figure	3.12(b)).	The	energy	of	the	X-ray	emission	is	equivalent	to	the	energy	level	difference	between	the	outer	and	inner	shell	electron	 involved	 in	 the	 transition.	 Hence,	 the	 characteristic	 X-ray	 emissions	 are	 seen	 as	sharper	peaks	in	the	spectra	with	the	wavelength	or	energy	representing	the	energy	of	the	atom	from	the	shell	or	subshell	concerned	(figure	3.12	(c)).	This	can	be	then	translated	into	determining	the	nature	of	the	atom	and	inner	shell	that	is	involved	in	the	process.	
	 		Figure	3.12:	(a-b)	The	process	of	Bremsstrahlung	and	characteristic	x-rays	emission	and	c)	an	example	of	EDX	spectrum	characterizing	the	Bremsstrahlung	and	the	characteristic	x-ray	emission	energy/wavelength.		
3.5.3	Qualitative	and	quantitative	EDX	analysis		A	 qualitative	 method	 offers	 a	 quick	 and	 an	 effective	 way	 to	 present	 the	 elements	 of	 the	samples.	 In	 general,	 the	 qualitative	method	 is	 straightforward,	 indicating	 elements	 of	 the	samples	by	their	characteristic	X-ray	peaks.	This	process	can	be	automatically	done	with	the	
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help	of	analysis	software	such	as	Analysis	Station	Software,	which	is	used	in	this	thesis.	The	intensity	of	the	peak	can	be	compared	qualitatively	from	one	sample	to	another	as	the	value	is	close	to	the	expected	signal	emitted	from	the	sample.	Qualitative	analysis	has	been	carried	out	in	this	thesis	for	determining	the	elements	in	the	Au-particle.	This	is	due	to	the	fact	that,	it	is	difficult	to	have	a	standard	reference	for	such	alloy	composition.	As	a	general	rule,	the	peak	that	will	be	considered	has	to	be	significant	(above	background	level)	and	this	usually	has	to	be	manually	checked	to	be	assured	that	the	automatic	qualitative	system	done	by	the	software	 is	correct.	Figure	3.13	shows	an	example	of	 the	spectrum	taken	 from	a	spot	EDX	analysis	 on	 the	 Au-particle	 alloy.	 From	 the	 spectrum	 it	 is	 clearly	 seen	 that	 there	 is	 no	significant	 Ga	 peak,	 hence	 the	 Ga	 element	 shall	 not	 be	 considered	 to	 be	 present	 in	 this	analysis.	This	step	is	important	for	element	pre-selection	for	the	quantitative	analysis.	
	
Figure	3.13:	 	Representative	of	an	EDX	spectrum	of	a	Au	particle	showing	the	selection	of	In,	Ga,	As	and	Au	(element	selection	are	highlighted	in	green).	The	Ga	and	As	peaks	are	by	common	sense	should	not	be	included	in	the	analysis	due	to	low	counts	almost	levelled	with	the	background	level.		 Quantitative	 analysis	 involves	 measuring	 the	 intensity	 of	 the	 spectral	 peaks	corresponding	 to	 pre-selected	 elements	 for	 both	 samples	 and	 standards	 under	 known	operating	 conditions,	 calculating	 intensity	 ratios	 (k	 values),	 and	 converting	 these	k	 values	into	 chemical	 concentration.	 The	 k	 values	 are	 the	 constant	 retrieved	 from	 the	 known	standard	of	two	elements,	A	and	B	with	the	following	equation	[7]:	
!!!! = 𝑘!" !!!!	 	 	 	 	 	 	 (3.6)	
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The	ratio	of	X-ray	intensities,	IA	and	IB	for	two	elements	A	and	B,	is	independent	of	thickness	and	can	be	simply	related	to	the	corresponding	weight	or	atomic	fractions	of	the	elements,	𝐶! 	and	𝐶! 	where	𝑘!" 	is	 a	 factor	 (the	 k	 value)	 that	 relates	 to	 the	 efficiency	 of	 X-ray	production	and	the	detection	of	 the	X-ray.	K	values	vary	with	microscope	condition	hence	will	be	most	accurate	when	measured	in	the	same	system	as	the	sample	to	be	analysed.	This	ratio	method	is	only	valid	for	thin	samples,	such	as	those	used	in	TEM.	In	SEM,	absorption	and	fluorescence	effect	has	to	be	taken	 into	account	since	 the	samples	are	thick	and	these	effects	are	not	negligible.		There	 are	 two	 methods	 of	 quantitative	 analysis;	 standardless	 quantitative	 and	standard	quantitative.	Standardless	quantitative	uses	the	k	values	provided	by	the	standard	sample	measured	elsewhere	in	a	different	system	provided	by	the	analysis	software.	On	the	other	hand,	standard	quantitative	requires	one	to	determine	the	k	values	using	a	standard	sample	measured	by	the	same	system	with	the	same	conditions.	 In	 this	 thesis,	all	 the	EDX	data	are	collected	using	the	same	STEM	setup.	The	k	values	are	determined	using	GaAs	and	InAs	nanowires	as	the	standards.	First,	GaAs	and	InAs	nanowires	are	statistically	measured	by	considering	Ga	(L),	In(L)	and	As	(L)	peaks.	Then	the	k	values	are	determined	(in	Analysis	Station	software)	 for	various	size	 (30	 -250	nm)	nanowires.	The	average	k	values	are	used	since	they	are	 found	to	be	 independent	of	 the	nanowire	diameter	as	shown	in	 figure	3.14.	This	result	strengthens	the	fact	that	thin	samples	can	be	quantified	without	any	absorption	or	 fluorescence	 effect	 taken	 into	 account	 for	 samples	 up	 to	 300	 nm	 thick	 using	 200	 kV	electron	beams.		The	average	k	value	is	used	for	InAs	and	GaAs	with	As	as	a	reference	point	for	 the	 entire	 InGaAs	 samples	 to	 ensure	 uniformity	 across	 all	 measurements.	 For	 InGaP,	similar	method	was	carried	out	using	InP	and	GaP	nanowires	considering	Ga	(L),	In(L)	and	P	(K)	peaks.	The	final	composition	of	 InGaP	is	determined	using	P	as	a	reference.	 It	 is	 found	that	there	is	a	random	error	of	about	±4%	for	reference	sample	contributing	to	similar	error	for	 the	 calculated	 data.	 Random	 errors	 could	 come	 from	 non-uniformity	 of	 the	 sample	shape,	crystal	structure	and	facets	of	the	nanowires.	
	
	
3.	Experimental	techniques	
	
	
	 62	
	
	
	
Figure	3.14:	Graph	of	k	values	for	a)	GaAs	and	b)	InAs	nanowires	versus	diameter.	Arsenic	is	taken	as	a	reference	point	for	the	calculation	of	the	k	values	and	the	average	k	values	for	both	InAs	and	GaAs	are	used	for	InGaAs	alloy	composition	using	Analysis	Station	software.	
3.6	Photoluminescence	(PL)	
3.6.1	Basic	principle	of	PL	spectroscopy		PL	 spectroscopy	 is	 a	 non-contact,	 non-destructive	 method	 of	 probing	 the	 electronic	structure	of	materials.	PL	is	the	spontaneous	photon	emission	from	a	material	under	optical	excitation.	Typical	 luminescences	process	 in	 semiconductor	 can	be	 simplified	as	 shown	 in	figure	 3.15.	 When	 photons	 with	 energy	 higher	 than	 the	 bandgap	 of	 the	 material,	 Eg	 are	incident	on	the	sample,	the	sample	is	excited	from	the	ground	state.		This	creates	electron-hole	pairs	due	to	the	transfer	of	electrons	from	the	valence	band	into	the	conduction	band.	The	non-equilibrium	electron	and	hole	distribution	relaxes	via	interband	relaxation	back	to	ground	state	and	then	recombine	resulting	in	emission	of	light	with	an	energy	Eg.	
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Figure	 3.15:	 Schematic	 of	 the	 basic	 processes	 involved	 in	 a	 typical	 luminescence	experiment	in	optically	excited	semiconductors	representing	the	process	of	a)	excitation,	b)	interband	relaxation	and	c)	recombination.		With	 different	 variants	 of	 PL	 spectroscopy	 techniques	 such	 as	 temperature-dependent	PL	 and	excitation	power	dependent	PL,	 one	 can	determine	 the	bandgap	of	 the	material,	the	crystal	quality,	detect	impurity	level	and	defects	and	study	the	recombination	mechanisms	[8].	The	bandgap	of	a	semiconductor	material	depends	on	temperature	due	to	the	expansion	of	the	crystal	lattice.	 	Temperature	dependence	of	the	bandgap	can	be	fitted	using	the	empirical	Varshni	equation	given	by	the	following:	
𝐸! 𝑇 =  𝐸! 0 − !!!!!!	,	where	Eg	(0)	is	the	bandgap	value	at	0	K,	α	and	β	are	constants	corresponding	to	different	materials.		 Other	than	the	shift	of	bandgap	due	to	lattice	expansion,	an	increase	in	temperature	can	 also	 cause	 a	 change	 of	 carrier	 population	 of	 the	 conduction	 and	 valence	 bands.	 Free	carriers	at	higher	temperature	perturb	the	band-edge	and	induce	a	tail	of	band	states	 into	the	 energy	 gap.	 At	 low	 temperature	 when	 the	 thermal	 energy	 is	 lower	 than	 the	 exciton	binding	energy,	exciton	related	emission	could	be	observed	[8].	Hence	the	transition	or	the	changes	 observed	 with	 temperature-dependence	 PL	 can	 help	 determine	 the	 bandgap,	recombination	mechanisms,	elemental	composition,	and	whether	 there	are	defects	related	states.		 			 Excitation	 power	 dependent	 PL	 can	 identify	 some	 underlying	 recombination	mechanisms.	 	 The	 intensity	 of	 the	 excitation	 light	 can	 control	 the	 density	 of	 photoexcited	electrons	 and	 holes.	 	 Low	 carrier	 density	 means	 that	 the	 measurement	 is	 dominated	 by	
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defects	and	impurities	at	the	interfaces.	The	increase	in	intensity	with	the	excitation	power	should	provide	information	whether	this	is	the	case.	The	rate	of	recombination	at	these	sites	is	 proportional	 to	 the	 dominant	 carrier	 density,	 n.	 Discrete	 states	 can	 be	 filled	 as	 the	excitation	 power	 increases	 and	 bulk	 radiative	 recombination	 plays	 a	 greater	 role.	 The	radiative	rate	is	proportional	to	n2	with	the	intensity.				
3.6.2	Components	of	PL	setup		The	 main	 components	 of	 a	 typical	 PL	 system	 consist	 of	 a	 laser,	 lenses	 to	 align	 the	 laser	beam,	 detectors	 and	 spectrometer.	 Additional	 components	 include	 a	 microscope	 with	magnification	 lenses	 for	micro-PL	and	cryostat	 for	temperature-dependent	measurements.	Figure	3.16	shows	the	typical	setup	for	photoluminescence	spectroscopy.			
	
Figure	3.16:	Schematic	of	a	typical	PL	setup.		 Two	 different	 experimental	 PL	 are	 carried	 out	 in	 this	 thesis,	 micro-PL	 for	 single	nanowire	 measurements	 and	 macro-PL	 for	 measurements	 of	 nanowire	 ensembles.	 For	single	 nanowire	measurements	 of	 bandgap	 below	 1600	 nm,	 HORIBA	 Jobin	 Yvon	 T64000	Raman/PL	system	located	at	The	Australian	National	University	is	used.	The	setup	consists	of	 a	 632	 nm	 He-Ne	 laser,	 Si	 CCD	 detector	 (detection	 wavelength:	 350	 –	 1100	 nm)	 and	InGaAs	 array	 detector	 (800	 –	 1700	 nm)	 and	 50X	 magnifications	 near-infrared	 (NIR)	objective	lenses.		
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For	narrow	bandgap	(above	1600	nm)	samples	such	as	high	In	concentration	InGaAs	nanowires	discussed	in	chapter	3,	macro-PL	measurements	on	ensembles	of	nanowires	are	carried	 out	 with	 a	 continuous-wave,	 frequency	 doubled	 Nd:YAg	 laser	 (532	 nm),	 liquid	nitrogen	cooled	mercury	cadmium	telluride	(MCT)	detector	connected	to	a	lock-in-amplifier	by	collaborators	at	University	of	Oxford.	
3.7	Summary		In	 summary,	 the	 experimental	 techniques	 for	 the	 growth	 of	 nanowires	 and	 their	characterization	 used	 for	 this	 thesis	 have	 been	 presented	 in	 this	 chapter.	 Principles	 of	MOVPE,	SEM,	TEM,	EDX	and	PL	were	briefly	discussed.	Each	of	these	techniques	on	its	own	is	highly	complex,	but	relevant	details	to	the	work	in	the	thesis	are	covered.	Further	details	can	be	found	in	the	cited	references	provided.		
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Chapter	4	
Pure zinc-blende phase high Indium 
InxGa1-xAs	nanowires	grown	by	two-temperature	growth	method	
Overview		In	this	chapter,	two-temperature	growth	of	InxGa1-xAs	nanowires	is	discussed	with	regards	to	the	crystal	phase	and	composition	distributions	in	a	3-dimensional	perspective.	In	a	wide	range	of	growth	parameters	within	this	two-temperature	growth	method,	the	composition	distribution	along	and	across	the	nanowires	are	found	to	be	non-uniform.	However,	within	a	certain	 growth	 window,	 a	 uniform	 composition	 can	 be	 achieved	 but	 limited	 to	 high	 In	concentrations.	 The	 crystal	 phase	 remains	 a	 pure	 zinc-blende	 (ZB)	 phase	 similar	 to	 those	achieved	for	GaAs	nanowires	in	the	two-temperature	growth	regime.	The	high	quality	phase	is	favourably	required	for	device	applications	while	the	high-In	concentration	InxGa1-xAs	can	replace	InAs	nanowires	to	reduce	leakage	current	 issues.	The	study	has	overall	shed	more	insight	 into	 understanding	 the	 limitation	 of	 In	 and	 Ga	 incorporation	 and	 composition	distribution	in	the	low	growth	temperature	regime.		
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4.1	 Introduction		Crystal	quality	 is	highly	 important	 to	ensure	 the	performance	of	nanoscale	semiconductor	devices.	 In	 recent	 years,	 much	 work	 has	 been	 devoted	 to	 improving	 and	 controlling	 the	crystal	 phase	 of	 nanowires	 [1]–[6].	 High	 crystal	 phase	 purity	 nanowires	 with	 no	 defects,	twinning	 or	 stacking	 faults	 are	 highly	 essential	 to	 exploit	 the	 full	 potential	 of	 nanowire	related	 devices.	 Nanowire	 crystal	 phase	 are	 affected	 by	 the	 growth	 conditions	 such	 as	growth	 temperature,	 V/III	 ratio	 and	 flow	 rate	 [1]–[6].	 One	 of	 the	 methods	 shown	 to	 be	successful	 in	producing	perfect	ZB	phase	nanowires	for	Au-assisted	GaAs	nanowires	 is	the	two-temperature	 growth	 method	 [6].	 This	 method	 involves	 growing	 GaAs	 nanowires	sequentially	 in	 two	 different	 growth	 temperature	 regimes.	 A	 higher	 initial	 growth	temperature	 known	 as	 the	 nucleation	 temperature,	 Tn,	 enables	 nanowires	 to	 nucleate	properly	 for	 vertical	 growth.	 Then,	 the	 temperature	 is	 lowered	 to	 another	 growth	temperature,	 Tg,	 while	 the	 nanowires	 continue	 to	 grow.	 The	 subsequent	 low	 growth	temperature	 eliminates	 the	 twinning	 and	 minimizes	 tapering	 which	 exist	 for	 nanowires	grown	with	single-growth	temperature	[6].	In	 the	 quest	 of	 achieving	 similar	 results	 from	 the	 GaAs	 nanowires,	 this	 chapter	studies	 InxGa1-xAs	 nanowire	 growth	 using	 the	 two-temperature	 growth	method.	However,	since	the	ternary	InxGa1-xAs	 is	more	complicated	than	the	binary	GaAs,	 the	results	reveal	a	few	challenges	such	as	limitation	of	Ga	incorporation	and	composition	inhomogeneity	along	the	 nanowire.	 It	 is	 believed	 that	 this	 is	 due	 to	 higher	 competition	 between	 the	Ga	 and	 In	adatoms	 at	 the	 low	 temperatures	due	 to	 the	 large	difference	of	 decomposition	parameter	and	 the	 difference	 in	 diffusion	 lengths	 of	 Ga	 and	 In	 adatoms	 [7].	 Hence,	 a	 deeper	understanding	 of	 the	 growth	 of	 ternary	material	 is	 achieved,	which	 could	 be	 implied	 not	only	 for	 InxGa1-xAs	nanowire	growth,	but	 for	other	 ternary	materials	 too.	Nonetheless,	 the	two-temperature	 growth	 is	 found	 to	 be	 successful	 for	 growing	 uniform,	 pure	 zinc-blende	phase	InxGa1-xAs	nanowires	with	high	In	concentration	within	a	limited	growth	window.	
4.2	Experimental	method		InxGa1-xAs	 nanowires	were	 grown	 using	 50	 nm	Au	 seeds	 on	 GaAs	 (111)B	 substrates.	 The	substrates	were	first	prepared	with	Au-seed	solution	as	previously	described	in	chapter	2.	The	precursors	involved	were	trimethylgallium	(TMGa),	trimethylindium	(TMIn)	and	arsine	
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(AsH3).	The	growths	begin	with	an	annealing	step	in	AsH3	ambient	at	600	°C		for	10	minutes.	Two	 temperatures	 were	 used	 in	 this	 set	 of	 experiments	 referred	 as	 the	 nucleation	temperature	 Tn	 and	 growth	 temperature	 Tg.	 The	 temperature	 was	 ramped	 down	 to	nucleation	 temperature	 straight	 after	 the	 annealing	 process.	 The	 nucleation	 time	 was	 1	minute	in	AsH3	and	the	group	III	precursors,	TMGa	and	TMIn.	The	temperature	was	further	ramped	down	 to	growth	 temperature	while	 all	 three	precursors	 continue	 to	 flow	 into	 the	reactor.	The	growth	time	at	Tg	together	with	the	time	for	the	temperature	to	drop	from	Tn	to	Tg	 	 (~3-7	minutes)	 is	kept	constant	at	20	minutes	 for	all	experiments	 in	 this	chapter.	The	growth	ended	by	removing	the	group	III	precursors	and	cooling	down	to	room	temperature.	AsH3	was	only	removed	when	the	temperature	had	cooled	to	200	°C	to	protect	 the	sample	from	 decomposing.	 The	 nucleation	 temperature	 was	 kept	 constant	 at	 450	 °C	 in	 all	experiments	 while	 the	 growth	 temperature	 was	 varied	 from	 400	 to	 350	 °C.	 Further	investigations	on	the	effect	of	TMIn	molar	ratio	in	vapour	phase,	Xv(In)	=	TMIn/(TMIn+TMGa)	were	carried	out	in	the	range	of	0.10	to	0.30	while	maintaining	the	total	group	III	flow	rate	at	 1.3	 x	 10-5	mol/min.	 The	 V/III	 ratio	 was	 maintained	 at	 40	 in	 all	 sets	 of	 experiments	presented	in	this	chapter.			Nanowires	 were	 characterized	 by	 field-emission	 scanning	 electron	 microscopy	(FESEM)	 and	 transmission	 electron	 microscopy	 (TEM).	 Nanowire	 cross-sections	 were	prepared	by	ultra-microtome	as	previously	discussed	in	chapter	2.	The	cross-sections	were	characterized	 by	 scanning	 transmission	 electron	 microscopy	 (STEM)	 with	 an	 energy	dispersive	x-ray	(EDX)	spectroscopy	to	 investigate	the	composition	distribution	across	the	nanowires.		
4.3	Two-temperature	growth	method	for	crystal	phase	purity		Growth	temperature	is	known	to	be	one	of	the	dominant	parameters	affecting	the	growth	of	nanowires	[1],	[8]–[11].	Changing	the	growth	temperature	affects	many	processes	involved	in	 the	 growth	 of	 nanowires	 including	 the	 phase	 and	 composition	 of	 the	metal	 seed	 alloy,	decomposition	 of	 precursors	 and	 adatoms	 diffusion	 lengths.	 These	 processes	 will	 then	further	affect	the	final	nanowire	structure	in	terms	of	their	morphology,	crystal	phase	and	composition.	 Hence,	 in	 this	 section,	 two-temperature	 growth	 of	 InxGa1-xAs	 nanowires	 is	explored	 to	 improve	 the	 crystal	 phase	 quality	 and	 investigate	 the	 effect	 of	 growth	temperature	on	the	composition.	
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Prior	 to	 proceeding	 with	 the	 two-temperature	 growth,	 InxGa1-xAs	 nanowires	 are	grown	 at	 450	 ºC	 with	 a	 V/III	 ratio	 of	 40	 and	 Xv(In)	 ratio	 of	 0.30.	 This	 initial	 growth	 is	performed	to	examine	the	basic	properties	of		ternary	InxGa1-xAs	nanowires	as	compared	to	binary	GaAs	nanowires.	The	parameters	are	kept	similar	to	the	growth	of	GaAs	nanowires	by	Joyce	et	al.	[6].	The	only	difference	is	the	additional	TMIn	and	reduction	of	TMGa	flow	to	keep	the	group	III	total	flow	rate	at	1.3	x	10-5	mol/min.	The	SEM	image	of	the	nanowires	is	shown	 in	 figure	 4.1	 a)	 where	 it	 can	 be	 clearly	 observed	 that	 the	 nanowires	 are	 highly	tapered	 and	 the	 sidewalls	 are	 rough	 signifying	 the	 presence	 of	 structural	 defects	 [12].	Further	 TEM	 characterization	 proves	 that	 the	 rough	 sidewalls	 are	 the	 result	 of	 stacking	faults	in	the	crystal	structure	as	shown	by	figure	4.1	(b-d).	The	crystal	phase	is	mainly	ZB	as	indicated	by	 the	 selected-area	electron	diffraction	 (SAED)	pattern	 in	 figure	4.1	e)	 and	has	random	 twinning	 along	 the	nanowires	 as	 indicated	by	 the	 arrows	 in	high-resolution	TEM	images	in	figure	4.1	(c-d).		Common	faceting	found	related	to	the	twinning	in	ZB	phase	can	be	observed	in	figure	4.1	(c-d)	especially	at	the	base	of	the	nanowires	(figure	4.1(d))	where	concomitant	radial	growth	enhances	the	presence	of	these	facets	[1].	A	high-angle	annular	dark	field	(HAADF)	image	of	the	nanowire	in	figure	4.1	f)	shows	dark	fringes	in	line	with	the	facets	 confirming	 the	 twin	 defects	 are	 related	 to	 faceting.	 The	 nanowire	 is	 tapered	 and	accompanied	 with	 a	 composition	 gradient	 as	 shown	 by	 the	 EDX	 spot	 analysis	 below	 the	HAADF	 image.	Compared	 to	GaAs	nanowires	 grown	with	 similar	parameters	 as	 shown	by	Joyce	et	al.	[6],	these	initial	results	indicate	that	the	presence	of	In	increases	the	chances	of	tapering,	 and	 also	 creates	 composition	 inhomogeneity.	 Furthermore,	 the	 defective	 crystal	phase	 can	be	detrimental	 to	 the	optical	 and	electrical	properties	of	 the	nanowires.	Hence,	using	 two-temperature	 growth	 method	 may	 eliminate	 the	 stacking	 faults	 in	 InxGa1-xAs	nanowires	 and	 reduce	 tapering	 which	 is	 observed	 to	 relate	 to	 the	 composition	inhomogeneity	along	the	nanowire.	
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Figure	 4.1:	 a)	 45°-tilted	 FESEM	 image	 of	 InxGa1-xAs	 nanowires	 grown	 at	 a	 (single)	temperature	of	450	°C.	b)	TEM	image	taken	in	the	<110>	zone	axis	of	a	single	nanowire	from	the	sample	shown	in	a).	c-d)	HRTEM	of	the	tip	and	base	areas	of	the	nanowire	shown	in	b).	e)	 SAED	 pattern	 of	 the	 nanowire	 shown	 in	 (b-d).	 f)	 EDX	 line	 scan	 representing	 the	composition	distribution	of	each	element	along	the	nanowire.	The	image	above	the	line	scan	is	the	dark	field	image	of	the	corresponding	nanowire	lying	on	the	TEM	grid.		 To	 investigate	 the	 effect	 of	 the	 two-temperature	 growth	 method	 on	 InxGa1-xAs	nanowires,	 three	 samples	 of	 InxGa1-xAs	 nanowires	 with	 Xv(In)	 of	 0.30	 	 are	 grown	 at	 lower	growth	temperatures,	Tg.	=	400,	375	and	350	°C	after	1	minute	of	nucleation	growth	step	at	450	°C.	Other	parameters	such	as	V/III	 ratio	and	the	 flow	rate	are	kept	 the	same	as	 those	used	 for	 the	 single	 growth	 temperature	 discussed	 above.	 The	 45°	 tilted	 SEM	 images	 are	shown	 in	 figure	 4.2.	 The	 two-temperature	 growth	method	 allows	 the	 nanowires	 to	 grow	vertically	 even	when	 the	 temperature	 is	 as	 low	as	375	 °C.	 	 Further	 lowering	Tg	 to	350	 °C	resulted	in	all	kinked	nanowires,	 indicating	the	limit	of	the	low	growth	temperature.	From	the	morphological	aspect,	nanowires	grown	at	Tg	=	400	°C	shows	a	higher	degree	of	tapering	
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than	the	growth	at	Tg	=	375	°C.	Growth	rate	 is	higher	for	nanowires	grown	at	375	°C	than	those	at	400	°C	is	possibly	due	to	the	reduced	competition	between	radial	and	axial	growths.	
Radial	growth	is	commonly	observed	to	be	competing	with	the	axial	growth	as	the	temperature	
increases	 [8,	21].	This	 is	due	to	the	 increase	 in	 the	amount	of	available	adatoms	(due	to	more	
decomposition)	with	 increasing	temperature.	This	 is	 also	 supported	 by	 the	 parasitic	 growth	on	 the	 substrate,	which	 is	 found	 to	be	more	prominent	 in	 the	higher	growth	 temperature	sample	as	seen	in	figure	4.2	a).	The	difference	in	growth	rate	can	also	indicate	a	difference	in	composition	 between	 the	 two	 samples.	 As	 previously	 shown	 by	 Kohashi	 et	 al.	 in	 their	selective-area	 growth	 of	 InxGa1-xAs	 nanowires,	 growth	 rate	 can	 be	 highly	 related	 to	composition	[9].		
	
Figure	4.2:		45°-tilted	FESEM	views	of	nanowires	grown	at	various	Tg		of	a)	400	°C,	b)	375	°C	and	c)	350	ºC.	Scale	bars	represent	1	µm.		 In	order	to	assess	the	composition	of	the	InxGa1-xAs	nanowires	grown	at	Tg	=	400	and	375	 °C,	 STEM	EDX	measurements	 are	 performed.	 The	 EDX	 line	 scan	 along	 the	 nanowires	shows	two	different	trends	as	shown	in	figure	4.3.	Nanowires	grown	at	Tg	=	400	°C	have	a	composition	gradient	after	the	first	0.5	µm	from	the	base	with	lower	In	concentration	near	the	 nanowire	 tip.	 The	 first	 0.5	 µm	 from	 the	 base	 is	 the	 segment	 formed	 during	 the	nucleation	period	where	the	growth	temperature	is	Tn	=	450	°C.	Interestingly,	growth	at	Tg	=	375	°C	on	the	other	hand	shows	very	little	Ga	after	the	first	0.5	µm	length	from	the	base.	The	
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cause	for	such	an	occurrence	could	be	due	to	the	change	of	Au	alloy	condition.	Recent	work	by	 Ghalamestani	 et	 al.	 [13]	 predicts	 the	 phase	 diagram	 for	 Au-In-Ga	 and	 claim	 that	 it	contributes	 to	 the	 change	 in	 composition	 found	 in	 their	 Au-seeded	 GaAsSb	 nanowires.	Hence,	 it	could	also	be	possible	that	there	occurs	a	change	in	the	alloy	phase	condition	for	nanowires	grown	at	Tg	=	375	°C	as	compared	to	Tg	=	400	°C.	Higher	In	captured	by	the	Au-alloy	at	lower	temperature	can	be	due	to	a	few	possible	reasons	including	high-In	Au	alloy	as	the	preferred	alloy	phase,	a	higher	amount	of	available	In	adatoms	attributed	to	the	fully	decomposed	TMIn	as	compared	to	TMGa	and	higher	In	diffusion	length	as	compared	to	Ga	adatoms	allowing	more	In	to	reach	the	Au	alloy	particle.		
	
Figure	4.3:	EDX	line	scan	representing	the	composition	distribution	of	each	element	along	the	nanowire	for	samples	grown	at	Tg	of	a)	400	and	b)	375	°C.	The	image	above	the	line	scan	is	the	dark	field	image	of	the	corresponding	nanowire	lying	on	the	TEM	grid.		
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Despite	the	limitation	of	Ga	incorporation,	the	crystal	phase	is	found	to	improve	as	compared	 to	 the	 single-growth	 temperature	 method.	 Stacking	 faults	 are	 eliminated	 and	pure	ZB	phase	is	attained.	Figure	4.4	shows	the	TEM	image	of	the	two-temperature	growth	at	 Tg	 =	 375	 °C	 showing	 an	 improved	 crystal	 phase	 as	 opposed	 to	 the	 single	 growth	temperature	shown	previously	in	figure	4.1.	The	two-temperature	sample	shows	a	pure	ZB	phase	as	shown	by	the	representative	high-resolution	TEM	(HRTEM)	image	in	figure	4.4	b).	The	only	exceptions	are	at	the	base	which	is	grown	at	the	nucleation	temperature	and	twins	near	the	tip	area	of	the	nanowire	as	shown	by	the	arrows	in	TEM	image	in	figure	4.4	c).		
	
Figure	4.4:	TEM	image	of	a	nanowire	grown	with	the	two-temperature	growth	method	at	Tg	=	375	 °C.	b)	HRTEM	 image	representative	of	 the	crystal	phase	of	 the	nanowire	c)	HRTEM	image	of	the	same	nanowire	near	the	Au	droplet.			 Therefore,	 in	conclusion,	 the	two-temperature	growths	are	successful	 in	producing	high	 quality	 crystal	 phase	 InxGa1-xAs	 nanowires,	 however	 are	 limited	 in	 terms	 of	 Ga	incorporation.	In	the	following	section,	the	possibility	of	tuning	these	InxGa1-xAs	nanowires	is	investigated	by	varying	the	ratio	of	the	precursors.				
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4.4	Effect	of	flow	ratio	of	precursors					In	 the	 previous	 section,	 it	 was	 shown	 that	 high	 quality	 ZB	 phase	 InxGa1-xAs	 has	 been	successfully	grown.	However	the	composition	is	found	to	be	far	from	the	nominal	ratio	and	of	 high-In	 concentration.	 Tuning	 the	 flow	 ratio	 of	 the	 precursors	 is	 anticipated	 to	 be	 the	simplest	way	to	tune	the	composition	of	alloy	compound	semiconductor.	However,	this	has	been	 found	 to	 be	 challenging	 and	 critical	 in	 growth	 of	 ternary	 nanowires	 as	 it	 strongly	affects	 their	 nucleation,	 crystal	 phase	 and	 morphology	 [14]–[16].	 Reports	 have	 shown	transformations	in	the	crystal	phase	with	variation	of	precursor	ratio.	Kohashi	et	al.	[9]	has	reported	that	the	growth	rate	of	GaAs	nanowires	and	InAs	nanowires	differs	which	in	turn	correlates	 to	 the	 growth	 rate	 of	 InxGa1-xAs	 nanowires	 at	 various	 growth	 temperatures.	Although	 these	 reports	 are	 focused	 on	 the	 growth	 of	 selected-area	 InxGa1-xAs	 nanowires	with	no	foreign	metal	catalyst,	there	is	a	clear	indication	that	group	III	precursor	ratio	may	not	only	affect	ternary	nanowire	composition	but	also	their	crystal	phase	and	morphology.	In	this	section,	investigation	on	how	the	nominal	ratio	of	precursors	flow,	Xv	affects	the	final	concentration	of	Au-seeded	InxGa1-xAs	nanowires	is	carried	out.	This	study	provides	further	knowledge	 of	 the	 ability	 to	 tune	 the	 composition	 of	 InxGa1-xAs	 nanowires	within	 the	 two-temperature	growth	mode.	Two	more	 InxGa1-xAs	 nanowire	 samples	with	Xv(In)	 =	 0.15	 and	 0.10	were	 grown	 in	addition	to	the	sample	with	Xv(In)	=	0.30	discussed	earlier	in	the	chapter.	The	SEM	and	TEM	images	 are	 shown	 in	 figure	 4.5.	 	 From	 the	 SEM	 images,	 the	 axial	 growth	 rate	 of	 the	nanowires	 is	 observed	 to	decrease	with	decreasing	Xv(In).	 This	 could	be	mainly	 due	 to	 the	lower	growth	rate	of	GaAs	as	opposed	to	 InAs	[17].	Figure	4.5	(d-f)	shows	the	TEM	image	representing	 the	 crystal	 phase	 of	 nanowires	 grown	 with	 Xv(In)	 =	 0.30,	 0.15	 and	 0.10	respectively.	The	crystal	phase	is	found	to	maintain	a	ZB	phase	without	defects	for	the	three	
Xv(In)	 values	 investigated	 here.	 However,	 strain	 contrast	 is	 clearly	 observed	 as	 the	 Xv(In)	decreases	 from	 0.30	 to	 0.10.	 This	 indicates	 that	 a	 spontaneous	 shell	 with	 a	 different	composition	 than	 the	core	nanowire	 is	 formed	on	 the	sample	grown	with	Xv(In)	lower	 than	0.30.	 Further	EDX	measurements	 shown	 in	 figure	4.6	of	 InxGa1-xAs	nanowires	 grown	with	
Xv(In)	=	0.10	show	a	composition	gradient	from	In-rich	base	to	Ga-rich	tip	suggesting	that	an	In-rich	spontaneous	shell	 is	 formed	surrounding	a	Ga-rich	core.	As	shown	earlier	 in	 figure	4.3	b),	this	is	not	the	case	for	nanowires	grown	with	Xv(In)	=	0.30	where	it	is	uniform	and	no	gradient	is	observed.	
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Figure	 4.5:	 	 (a-c)	 45⁰-tilted	 FESEM	 image	 of	 nanowires	 grown	 with	 two-temperature	growth	method	at	Tg	=	375	°C	and	Xv(In)	=	0.30,	0.15	and	0.10	respectively.	(d-f)	TEM	image	of	a	representative	nanowire	from	each	sample	shown	in	(a-c).		
	
Figure	4.6.	EDX	line	scan	showing	the	composition	distribution	of	each	element	along	the	nanowire	for	the	sample	grown	at	Tg		=	375	⁰C	with	Xv(In)	=	0.10.					
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Further	confirmation	of	the	radial	composition	distribution	is	obtained	by	analyzing	the	 nanowire	 cross-section.	 Figure	 4.7	 (a-f)	 shows	 the	 EDX	 mapping	 of	 Ga	 and	 In	distributions	across	the	nanowire	cross	section	taken	1	µm	above	the	base	for	the	samples	grown	with	Xv(In)	=	0.30	 	and	0.10.	 	 In	both	samples,	 the	 final	shape	of	 the	nanowire	cross-section	is	an	equilateral	triangle	with	{112}	side	facets	as	determined	from	the	SEM	image	with	reference	 to	 the	cleaved	edge	as	outlined	 in	chapter	2.	Nanowires	grown	with	Xv(In)	=	0.30	 shows	 that	 they	 have	 a	 uniform	 cross-section	 with	 very	 little	 Ga	 and	 no	 significant	segregation	as	shown	by	figure	4.7	(a-c).	A	contrast	of	core	and	shell	is	observed	for	InxGa1-
xAs	 nanowires	 grown	with	Xv(In)	=	 0.10	 as	 shown	 by	 figure	 4.7	 (d-f).	 Ga	 is	 observed	 to	 be	higher	in	the	core	than	in	the	shell	region,	i.e.	higher	In	content	in	the	shell.	Similar	situation	is	 expected	 for	 nanowires	 grown	 with	 TMIn/TMGa	 flow	 ratio	 of	 0.15.	 The	 spontaneous	formation	 of	 a	 core-shell	 structure	 has	 been	 previously	 reported	 for	 many	 ternary	nanowires	due	to	the	competition	between	the	alloy	species	towards	axial	and	radial	growth	[18]–[20].		
	
Figure	 4.7:	 EDX-STEM	 cross-section	 maps	 of	 Ga,	 In	 and	 the	 overlay	 of	 In	 and	 Ga	 of	 a	nanowire	 grown	with	 Xv(In)	 =	 0.30	 (a-c)	 showing	 a	 uniform	distribution	with	 very	 low	Ga	intensity.	(d-f)	nanowire	grown	with	Xv(In)	=	0.10	showing	spontaneous	formation	of	a	core-shell	structure	with	higher	Ga	concentration	in	the	core.			 The	average	nanowire	composition	of	several	nanowires	for	each	sample	taken	from	the	 tip	 area	where	 there	 is	 negligible	 radial	 growth	 are	 plotted	 for	 the	 nanowires	 grown	with	 Xv(In)	 =	 0.30,	 0.15	 and	 0.10	 in	 figure	 4.8.	 This	 composition	 is	 found	 to	 match	 the	
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composition	taken	from	the	core	area	in	the	cross-section	maps	and	thus	can	be	attributed	as	the	core	composition.		As	can	be	observed	in	the	plot	of	figure	4.8,	there	is	an	increase	in	Ga	incorporation	into	the	core	as	Xv(In)		decreases.	This	is	due	to	the	increase	in	the	amount	of	 Ga	 species	 availability	 with	 the	 increase	 of	 TMGa	 flow	 rate.	 The	 higher	 amount	 of	 Ga	species	allows	more	Ga	adatoms	to	be	captured	by	the	Au	alloy	particle	hence	incorporating	more	Ga	into	the	nanowire	core.	This	indicates	that	the	group	III	precursor	flow	ratio	can	be	used	 for	 tuning	 the	composition	of	pure	ZB	 InxGa1-xAs	nanowires	via	 the	 two-temperature	growth	method.	However,	at	Xv(In)	=	0.30,	 In	dominates	the	core	growth.	Furthermore,	in	all	
cases,	 the	 radial	 growth	 is	 dominated	by	 In-rich	 InxGa1-xAs	 creating	 a	 core-shell	 type	 structure	
with	 Ga-rich	 core.	 This	 is	 mainly	 due	 to	 the	 higher	 radial	 growth	 rate	 of	 InAs	 than	 GaAs	
attributed	to	the	higher	In	diffusion	length	from	the	substrate	[21].	While	with	larger	diffusion	length,	 the	axial	growth	also	 increases,	 the	higher	amount	of	available	 In	coming	 from	the	substrate	 also	 contributes	 to	 the	 radial	 growth	 [21].	 Increasing	 the	 GaAs	 component	 in	radial	 growth	 or	 eliminating	 radial	 growth	 by	 other	 means	 such	 as	 using	 HCl	 etching	method	during	growth	may	offer	composition	homogeneity	for	the	high-Ga	core	InxGa1-xAs	nanowires	[22].	
	
Figure	4.8:	Average	In	molar	fraction	in	the	nanowire	core	versus	TMIn	molar	fraction	supplied	in	vapour						
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4.6	Summary		In	 summary,	 the	 growth	 of	 ternary	 InxGa1-xAs	 nanowires	 via	 the	 two-temperature	 growth	method	has	been	successfully	demonstrated	to	form	a	pure	ZB	structure	although	limited	in	composition	 tunability.	 	 Growth	 at	 low	 temperature	 is	 highly	 sensitive	 as	 there	 is	 a	significant	 difference	 in	 the	 decomposition	 rates	 of	 TMGa	 and	 TMIn	 and	 the	 competition	between	 In	 and	 Ga	 adatoms	 at	 these	 temperatures.	 The	 presence	 of	 In	 often	 dominates	growth	due	to	higher	In	diffusion	length	as	compared	to	Ga.	It	is	challenging	to	incorporate	more	 Ga	 into	 the	 core	 of	 the	 nanowires	while	maintaining	 a	 highly	 uniform	 composition	along	the	nanowires	due	to	the	competing	In-rich	radial	growth.		The	results	and	understanding	gained	from	this	experimental	study	produces	high-In	content	InxGa1-xAs	nanowires	with	high	purity	crystal	structure	and	uniform	composition.		
This	is	useful	for	devices	requiring	high-In	content	InxGa1-xAs	or	in	applications	which	can	replace	
InAs	which	suffers	from	leakage	current	in	transistor	applications	[23].	This	 is	due	to	the	larger	
InGaAs	 bandgap	 as	 compared	 to	 InAs.	 Furthermore,	 the	 pure	 crystal	 phase	 is	 also	 an	advantage	in	ensuring	the	best	performance	for	devices.	In	the	next	chapter,	single-growth	temperature	 method	 is	 further	 explored	 to	 overcome	 the	 challenges	 faced	 in	 the	 low-temperature	 growth	 method	 in	 pursuing	 for	 a	 larger	 range	 of	 composition	 tunability,	uniform	composition	and	morphology.		
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Chapter	5	
Controlling	the	phase	and	composition	tunability	of	InxGa1-xAs	nanowires		
Overview		In	 chapter	 4,	 the	 composition	 homogeneity	 and	 pure	 zinc-blende	 (ZB)	 phase	 has	 been	successfully	 achieved	 for	 InxGa1-xAs	 nanowires.	 However,	 there	 exists	 limitation	 of	 Ga	incorporation	into	the	nanowire,	thus	limiting	the	tunability	of	InxGa1-xAs	nanowires.	In	this	chapter,	 single	growth	 temperature	method	 is	 explored	 in	 combination	with	various	V/III	ratios.	 The	 aim	 is	 to	 investigate	 the	 composition	 and	 phase	 tunability	 of	 InxGa1-xAs	nanowires	via	 simple	growth	parameter	 control.	Various	diameter	Au-seed	particles	were	also	used	to	investigate	their	effect	on	the	growth	of	InxGa1-xAs	nanowires.	Within	the	study,	an	optimum	growth	condition	for	acquiring	pure	wurtzite	(WZ)	phase,	uniform	and	taper-free	 nanowires	 was	 found.	 The	 pure	 WZ	 phase	 nanowires	 capped	 with	 InP	 show	luminescence	properties	around	1.54	μm	wavelength	close	to	the	technologically	important	optical	 fibre	 telecommunication	 wavelength,	 which	 is	 promising	 for	 application	 in	photodetectors	and	lasers.	A	large	part	of	the	results	from	this	chapter	have	been	published	in	ref.	[1].	
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5.1	 Introduction	
	Composition	homogeneity	is	crucial	in	ternary	alloy	semiconductors	for	device	applications.	The	 composition	 segregation	 that	 occurs	 within	 ternary	 alloy	 semiconductors	 causes	changes	 in	the	bandgap,	 thus	affecting	their	electrical	and	optical	properties.	 It	has	been	a	great	challenge	to	control	composition	homogeneity	in	growth	of	ternary	alloy	nanowires	as	discussed	 in	 chapter	 1.	 For	 ternary	 alloy	 nanowires,	 tapering	 generally	 indicates	composition	 inhomogeneity	 due	 to	 the	 difference	 of	 incorporation	 rate	 of	 each	 species	axially	 and	 radially	 into	 the	 nanowire	 crystal.	 In	 particular,	 the	 compositional	inhomogeneity	 in	 Au-seeded	 ternary	 nanowires	 is	 commonly	 found	 to	 be	 strongly	correlated	 to	 the	 competition	 between	 vapour-liquid-solid	 (VLS)	 axial	 growth	 via	 the	catalyst	 and	 vapour-solid	 (VS)	 radial	 growth	 on	 the	 nanowire	 sidewall	 [2]–[5].	 A	 similar	case	 has	 also	 been	 presented	 earlier	 in	 chapter	 4	 for	 the	 two-temperature	 growth	mode.	Minimal	 tapering	 and	 good	 composition	 homogeneity	 have	 been	 demonstrated	 by	controlling	the	growth	parameters	such	that	the	radial	growth	is	limited	and	axial	growth	is	enhanced	[2],	[3],	[6].			 Wu	et	al.	 [6]	 have	 reported	 significant	 progress	 in	 growing	high-quality	 InxGa1-xAs	nanowires	using	low	V/III	ratio	and	high	growth	temperature.	However,	the	authors	found	that	in	their	case,	tapering	and	composition	uniformity	were	dependent	on	the	growth	time	and	 nanowire	 density.	 They	 showed	 that	 nanowires	 longer	 than	 1.4	 μm	 at	 optimal	 seed	particle	 areal	 density	 around	 10	 μm−2	 still	 suffer	 from	 tapering	 and	 composition	inhomogeneity	 and	 also	 contain	 stacking	 faults	 [6].	 High	 density	 of	 stacking	 faults	 or	polytypic	phase	is	often	reported	for	InxGa1-xAs	nanowires	[2],	[7]–[9].	Though	this	may	be	common	in	nanowires	grown	by	self-seeded	or	selected	area	epitaxy	[7],	[9],	similar	trends	are	 also	 observed	 for	 metal-seeded	 nanowires	 [6],	 [8].	 Recently,	 growth	 of	 Au-seeded	nanowires	on	SiO2	deposited	on	Si	substrate	with	non-tapered	morphology	and	high	quality	crystal	 structure	 has	 been	 reported	 [10].	 InxGa1-xAs	 nanopillars	 with	 pure	WZ	 phase	 and	composition	homogeneity	along	the	nanowire	have	also	been	reported	[11],	[12].	However,	both	of	these	growths	were	not	epitaxial	to	the	substrate	which	is	inconvenient	for	vertical	processing	on	as-grown	ensembles	and	needed	for	real	device	applications.			Nonetheless,	 InxGa1-xAs	nanowires	have	already	been	shown	to	have	great	promise	in	 applications	 such	 as	 solar	 cells	 and	 transistors	 despite	 their	 defective	 crystal	 structure	[7],	 [13],	 [14].	 Improving	 the	 crystal	 quality	 of	 the	 nanowires	 will	 ensure	 better	 device	
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performance	 [15],	 [16].	 Defects	 act	 as	 carrier	 scattering	 or	 trap	 centers,	 thus	 degrading	device	performance	and	reducing	yield.	Hence,	 it	 is	essential	to	simultaneously	control	the	crystal	structure	and	composition	homogeneity	in	ternary	alloy	nanowires	to	optimise	their	utilization.			In	 this	 chapter,	 an	 in-depth	 analysis	 of	 InxGa1-xAs	 nanowires	 grown	 with	 various	growth	 temperatures	 and	 V/III	 ratio	 is	 presented.	 Sections	 5.3	 and	 5.4	 of	 this	 chapter	discuss	 the	 effect	 of	 growth	 temperature	 and	 V/III	 ratio	 on	 nanowire	 morphology,	composition	and	crystal	structure	while	section	5.5	briefly	investigates	the	effect	of	Au-seed	particle	 size.	 From	 the	 systematic	 study	 presented,	 tunability	 of	 the	 composition	 can	 be	achieved	by	varying	the	growth	temperature	and	the	V/III	ratio	despite	keeping	the	nominal	In/Ga	ratio	constant.	 It	 is	also	 found	 that	 the	crystal	phase	 is	 tunable	by	varying	 the	V/III	ratio	alone.	Ga	incorporation	is	found	to	increase	with	the	amount	of	ZB	phase	suggesting	a	correlation	 between	 the	 composition	 and	 the	 crystal	 phase.	 There	 is	 a	 direct	 correlation	between	 defect	 density	 and	 tapering	 of	 the	 nanowire	 suggesting	 that	 the	 nanowires	 are	more	uniform	when	they	have	a	high-quality	crystal	phase.	Pure	phase	WZ	nanowires	with	uniform	 composition	 and	 morphology	 are	 successfully	 achieved	 and	 are	 shown	 to	 be	reproducible	 even	 for	 longer	 growth	 period	 thus	 allowing	 long	 nanowires	 to	 grow.	Photoluminescence	(PL)	measurement	on	In0.65Ga0.35As	WZ	nanowires	capped	with	InP	shell	shows	 luminescence	 at	 room	 temperature	 at	 about	1.54	µm,	which	 is	 below	 the	 expected	wavelength	 for	 ZB	 phase	 In0.65Ga0.35As.	 The	 shift	 suggest	 a	 compressive	 strain	 in	 the	nanowire	 core	due	 to	 the	 InP	 shell	 in	 combination	with	 the	 expected	 shift	 due	 to	 the	WZ	phase.	
5.2	Experimental	method		All	 nanowires	 in	 this	 chapter	were	 grown	on	GaAs	 (111)B	 substrates	 prepared	with	 gold	colloid	 particles	 as	 detailed	 in	 chapter	 2.2.3.	 The	 substrates	with	 the	 gold	 particles	 were	then	annealed	for	10	min	under	AsH3	protective	flow	at	600	°C	prior	to	cooling	down	to	the	growth	 temperature,	 varied	 between	 450	 and	 525	 °C.	 Upon	 reaching	 a	 stable	 growth	temperature,	 group	 III	 precursors	 Trimethylindium	 (TMIn)	 and	 Trimethylgallium	 (TMGa)	were	 introduced	 into	 the	 growth	 chamber	 to	 initiate	 growth	 of	 the	 InxGa1-xAs	 nanowires.	The	molar	flows	of	TMIn	and	TMGa	in	all	experiments	in	this	chapter	were	fixed	at	3.9	×	10−6	and	 9.2	 ×	 10−6	 mol.min−1,	 respectively.	 This	 corresponds	 to	 the	 TMIn	 molar	 ratio,	(TMIn/TMIn	+	TMGa)	of	0.30	 in	 the	vapour	phase.	The	nominal	V/III	 ratio	was	varied	by	
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varying	 the	 molar	 flow	 of	 AsH3	 in	 the	 range	 of	 1.8	 ×	 10−5	 –	 6.0	 ×	 10−4	 mol.min−1	corresponding	to	nominal	V/III	ratios	of	1.4–40.0.	Growth	time	was	set	constant	at	20	min,	unless	otherwise	noted.	Nanowires	 were	 investigated	 using	 field-emission	 scanning	 electron	 microscopy	(FESEM)	 and	 transmission	 electron	 microscopy	 (TEM).	 Cross-sections	 of	 the	 nanowires	were	 prepared	 by	 slicing	 40	 nm	 segments	 from	 embedded	 nanowires	 using	 an	 ultra-microtome	as	detailed	 in	chapter	3.4.2.	Composition	mapping	was	 investigated	by	energy-dispersive	 X-ray	 (EDX)	 spectroscopy	 in	 a	 scanning	 transmission	 electron	 microscopy	(STEM)	system	with	an	electron	beam	spot	 size	of	0.5	nm.	The	measurement	error	 in	 the	composition	 is	 in	 the	 range	 of	 ±4	 atomic	 percent	 based	 on	 reference	 GaAs	 and	 InAs	nanowires	samples	as	previously	discussed	in	chapter	3.5.3.		PL	measurements	were	 carried	 out	 by	 collaborators	 in	 Oxford	 University,	 using	 a	custom-built	module	attached	to	a	Fourier	transform	infrared	spectrometer	(FTIR)	(Bruker	Vertex	80v).	The	module	included	a	continuous-wave,	frequency	doubled	Nd:YAG	laser	(λ	=	532	nm)	source,	excitation	and	collection	optics,	and	an	integrated	cold	finger	helium	flow	cryostat.	 After	 passing	 through	 the	 FTIR,	 PL	 was	 detected	 using	 a	 liquid	 nitrogen	 cooled	mercury	 cadmium	 telluride	 detector	 connected	 to	 a	 lock-in	 amplifier	 (Stanford	 SR830).	Nanowire	ensembles	were	transferred	from	the	growth	wafer	to	quartz	substrate	by	gentle	rubbing	to	avoid	misreading	the	signals	coming	from	the	overgrowth	on	the	substrate.	The	full-width	half	maximum	of	the	spot	size	and	power	of	the	laser	at	the	sample	were	0.9	mm	and	5.3	mW	respectively,	giving	an	average	excitation	intensity	of	0.2	Wcm−2	over	a	typical	ensemble	of	>1000	nanowires.	
5.3	Effect	of	growth	temperature	and	V/III	on	morphology	and	
growth	rate		Growth	 temperature	 can	 play	 a	 large	 role	 in	 the	 growth	 of	 nanowires	 affecting	 their	morphology,	 growth	 rate	 and	 crystal	 structure	 [17]–[24].	 Nanowire	 tapering	 in	 GaAs	nanowire	 for	 an	 example	 has	 been	 shown	 to	 reduce	 particularly	 in	 the	 low	 growth	temperature	 regime	 [17].	 In	 combination	 with	 the	 growth	 temperature,	 low	 V/III	 ratios	were	also	found	to	reduce	tapering	in	InAs	nanowire	[18].	Tapering	was	found	to	be	more	critical	in	ternary	nanowires	since	this	can	be	responsible	for	a	composition	gradient	along	the	 nanowire	 axis	 [25].	 Hence,	 this	 section	 focuses	 on	 the	 morphology	 of	 InxGa1-xAs	
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nanowires	grown	with	various	combinations	of	growth	temperature	and	V/III	ratios.		Figure	5.1	shows	the	45°-tilted	SEM	views	of	nanowires	grown	with	two	different	V/III	ratios	(2.4	and	 40.0)	 as	 a	 function	 of	 growth	 temperature.	 This	 series	 illustrates	 the	 influence	 of	temperature	 and	 V/III	 ratio	 on	 the	morphology	 and	 growth	 rate	 of	 the	 nanowires.	 First,	consider	the	temperature	series	for	nanowires	grown	at	the	high	V/III	ratio	of	40,	illustrated	by	 the	 SEM	 images	 in	 figure	 5.1(a-d).	 All	 nanowires	 grown	 with	 this	 V/III	 ratio	 have	 a	tapered	 morphology	 independent	 of	 growth	 temperature.	 	 There	 is	 neither	 a	 significant	change	 in	morphology	 in	 the	 sample	grown	over	 the	 temperature	 range	of	450	 to	475	 °C,	nor	a	difference	in	axial	growth	rate	(Figure	5.1(a-b).	However,	a	significant	increase	in	the	radial	 growth	 rate	 and	 a	 concomitant	 drop	 in	 axial	 growth	 rate	 are	 observed	 when	 the	growth	 temperature	 is	 increased	 to	 500	 °C,	 leading	 to	 a	much	 shorter	 and	more	 tapered	nanowires.	At	525	°C,	this	effect	is	further	enhanced.		Now,	 consider	 the	 same	 temperature	 series	 for	 a	 fixed	 lower	 V/III	 ratio	 of	 2.4	(Figure	5.1(e-h),	more	dramatic	morphological	changes	are	observed.	Excluding	a	relatively	large	 hexagonal	 pyramidal	 base,	 the	 nanowires	 are	mostly	 non-tapered	 from	450	 °C	 [Fig.	5.1(e)]	to	500	°C	[Fig.	5.1(g)].	However,	as	growth	temperature	is	 increased	to	525	°C,	 the	nanowires	 show	 similar	 features	 as	 those	 grown	 with	 a	 V/III	 ratio	 of	 40.0	 [Fig.	 5.1(d)]	where	 tapering	 and	 large	parasitic	 growth	on	 the	 surface	 are	 observed	 in	 the	 SEM	 image	[Fig.	5.1(h)].	 In	addition,	 the	axial	growth	rate	 increases	with	 temperature	until	500	°C,	 in	clear	contrast	 to	 the	evolution	discussed	above	 for	a	higher	V/III	ratio.	However,	 the	axial	growth	 rate	 decreases	 slightly	 at	 525	 °C.	 From	 this	 set	 of	 study,	 uniform	 untapered	nanowires	are	obtained	with	a	combination	of	growth	temperature	of	500	°C	and	V/III	ratio	of	2.4.		 	
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Figure	 5.1:	45°-tilted	FESEM	images	of	nanowires	grown	at	various	growth	temperatures	and	V/III	ratio	of	(a-d)	40.0	and	(e-h)	2.4.	The	rough	edges	on	the	sidewall	generally	indicate	crystal	phase	disorder.	A	combination	of	growth	temperature	of	500	°C	and	V/III	ratio	of	2.4	is	found	to	produce	uniform	untapered	nanowires	with	smooth	wall	side	facets.	Scale	bars	represent	500	nm.			 The	 morphological	 evolution	 is	 understood	 in	 terms	 of	 the	 effect	 of	 growth	temperature	 on	 the	 decomposition	 of	 TMGa	 and	 TMIn	 precursors.	 Indeed,	 at	 higher	temperature,	the	pyrolysis	of	metal-organic	(MO)	precursors	becomes	more	efficient,	hence	dramatically	 increasing	 the	 available	 adatom	 density.	 This,	 in	 turn,	 increases	supersaturation	and	lowers	the	adatom	mobility	which	enhances	radial	growth,	yielding	the	observed	 tapering	 of	 the	 nanowire	 sidewalls,	 together	 with	 some	 parasitic	 planar	crystallization	on	the	substrate.		Finally,	 looking	at	 the	V/III	 ratio	dependence	of	morphology	and	axial	growth	rate	for	the	four	different	temperatures	considered	in	this	series,	it	is	clear	that	a	high	V/III	ratio	favours	tapering	at	all	temperatures	while	a	low	V/III	ratio	reduces	lateral	growth	and	thus	tapering	 in	 the	moderate	 temperature	 range	 (450-500	 °C).	Very	high	growth	 temperature	[525	°C,	(d);(h)]	also	enhances	tapering	independent	of	V/III	ratio.	However,	comparing	the	length	of	nanowires	between	(a);(e),	(b);(f)	and	(c);(g),	the	axial	growth	rate	is	clearly	in	a	group	V-limited	 regime	 for	 the	 low	V/III	 ratio	 series	 (e)-(g)	 until	 500°C.	 From	a	practical	point	of	view,	a	temperature	in	the	narrow	range	of	475-500	°C	combined	with	the	very	low	V/III	 ratio	 of	 2.4	 seems	 to	 allow	 for	 nearly	 taper-free	 morphology	 and	 reasonable	 axial	growth	 rate	 above	 the	 nucleation	 region	 close	 to	 the	 substrate,	 where	 a	 pyramidal	 base	
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extends	from	the	nanowire	sidewalls	to	the	substrate	region.	Such	a	low	V/III	ratio	and	low	supersaturation	 regime	 is	 therefore	 experimentally	 observed	 to	 virtually	 suppress	 the	driving	force	for	radial	growth.	The	fundamental	reason	for	this	behaviour	will	be	discussed	in	the	next	section	as	the	growth	of	the	nanowires	are	related	to	their	crystal	structure.	
5.4	Effect	of	growth	temperature	and	V/III	ratio	on	crystal	
structure	and	composition		To	 gain	 more	 insight	 into	 the	 evolution	 of	 the	 nanowires	 with	 growth	 temperature,	investigations	 were	 carried	 out	 to	 determine	 the	 crystal	 structure	 and	 composition	 of	tapered	nanowires	grown	with	a	V/III	ratio	of	40.0	at	growth	temperatures	of	450	and	500	°C.	Shown	in	figure	5.2	is	a	typical	InxGa1-xAs	nanowire	characteristic	from	an	ensemble	that	was	grown	at	450	°C	with	V/III	ratio	of	40.	Nanowires	grown	in	this	regime	have	a	tapered	morphology	 and	 rough	 sidewalls	 suggesting	 crystal	 phase	 disorder	 [26]	 which	 is	 clearly	observed	 in	 the	 SEM	 image	 of	 figure	 5.2	 (a).	 High-resolution	 transmission	 electron	microscopy	(HRTEM)	image	in	figure	5.2	(b)	confirms	that	the	nanowire	has	a	high	density	of	stacking	faults.	The	 inset	shows	the	selected-area	electron	diffraction	(SAED)	pattern	of	the	region.	The	nanowire	is	mainly	ZB	with	twins	and	some	WZ	phase	as	can	been	observed	in	the	HRTEM	image	accompanied	by	the	streaking	and	spots	seen	in	the	SAED	pattern.	EDX	measurements	 of	 this	 nanowire	 are	 presented	 in	 figure	 5.2	 (c).	 	 The	 EDX	measurements	were	carried	out	 in	STEM	mode	and	show	that	 the	composition	along	the	nanowire	 is	not	uniform.	 In	particular,	 higher	 In	 content	 is	 observed	 at	 the	base.	High-angle	 annular	 dark	field	(HAADF)	images	of	the	nanowire	cross-section	with	a	corresponding	EDX	cross-section	map	 is	 shown	 in	 figure	 5.2	 (d-g)	 and	 reveals	 that	 a	 spontaneous	 core-shell	 structure	 is	formed	with	a	higher	In	concentration	in	the	shell	than	the	core.	These	results	are	similar	to	those	previously	reported	in	[5],	[27].	Kim	et	al.	[27]	attributed	the	higher	In	content	in	the	shell	to	the	difference	of	In	and	Ga	diffusion	lengths.							
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Figure	5.2:	(a)	45°-tilted	FESEM	view	of	nanowires	grown	at	growth	temperature	of	450	°C	and	a	V/III	ratio	of	40.	 	(b)	HRTEM	image	of	the	nanowire	showing	a	mixed	phase	of	zinc-blende	with	twins	and	wurtzite	segments.	The	inset	on	the	bottom	left	is	the	SAED	pattern	from	 the	 same	nanowire.	 (c)	HAADF	 image	 of	 a	 single	 nanowire	with	 corresponding	EDX	line	 scan	 along	 the	 nanowire	 (d-g)	 The	 cross-section	 of	 a	 similar	 nanowire	 presented	 in	HAADF	image	and	EDX	cross-section	mapping	of	Ga,	In	and	the	overlay	of	In	and	Ga	showing	a	spontaneous	formation	of	a	core-shell	structure	with	higher	Ga	concentration	in	the	core.			
	 Interestingly	a	different	situation	is	observed	for	nanowires	grown	at	500	°C.	Figure	5.3	(a)	shows	a	typical	TEM	image	of	the	nanowire	grown	at	500	°C	with	the	same	V/III	ratio	of	40.0.	It	shows	that	the	crystal	structure	is	ZB	with	random	twinning	and	the	composition	gradient	for	the	tapered	nanowire	in	figure	5.3	(b)	is	not	as	prominent	as	those	grown	at	the	lower	growth	temperature	of	450°C	in	figure	5.2.	There	is	however,	still	a	slight	composition	gradient,	best	 illustrated	by	 the	 In	signal	 in	 the	EDX	 linescan	shown	 in	 figure	5.3	(b).	This	reveals	 a	 rather	 different	 nanowire	 growth	 behaviour	 compared	 with	 the	 lower	 growth	temperature	shown	in	figure	5.2.	In	order	to	obtain	a	truly	three-dimensional	(3-D)	map	of	the	 composition	 evolution,	 the	 cross-sections	 of	 the	 nanowires	 taken	 from	 the	 first	micrometer	 from	 the	 base	 of	 the	 nanowires	 were	 analysed	 using	 the	 EDX	 mapping.	Representative	 maps	 are	 shown	 in	 Figure	 5.3	 (c-f).	 The	 Ga	 signal	 is	 uniform	 across	 the	whole	cross-section	indicating	that	Ga	is	incorporated	not	only	through	the	VLS	mechanism	
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(precipitated	 under	 the	 droplet	 at	 the	 droplet/crystal	 interface)	 but	 also	 via	 the	 VS	mechanism	on	the	sidewalls.	This	shows	a	clear	suppression	of	the	spontaneous	core-shell	structure	formation	with	higher	growth	temperature.			
	
	
Figure	5.3:	(a)	HRTEM	images	of	the	first	micrometer	from	the	tip	of	the	nanowire	grown	at	500°C	with	a	V/III	ratio	of	40.0.	The	inset	shows	the	corresponding	SAED	pattern	(b)	EDX	line	scan	representing	the	composition	distribution	of	each	element	along	the	nanowire.	The	image	above	the	line	scan	is	the	dark	field	image	of	the	corresponding	nanowire	lying	on	the	TEM	grid.	(c-f)	Cross-sectional	HAADF	image	of	a	nanowire	taken	from	the	first	micrometer	from	the	base	of	the	nanowire	and	the	corresponding	EDX	maps	of	Ga,	In.			 Two	 possible	 growth	 scenarios	 can	 be	 taken	 into	 account	 for	 the	 higher	incorporation	of	Ga	 in	the	radial	growth	at	 this	growth	temperature.	One	 is	 that	 there	 is	a	higher	 desorption	 rate	 of	 In	 at	 higher	 growth	 temperature	 as	 compared	 to	 Ga	 thereby	allowing	 Ga	 to	 be	 more	 readily	 adsorbed	 at	 the	 nanowires	 sidewall.	 However	 this	 effect	should	be	negligible	 in	the	(low)	temperature	range	investigated	in	this	study.	The	second	mechanism	is	the	increase	of	TMGa	decomposition	with	temperature.	It	is	known	that	TMIn	decomposes	 completely	 at	 temperatures	 just	 below	 400	 °C	 while	 TMGa	 decomposes	completely	at	temperature	around	475	°C	in	H2	ambient	[28].	Hence,	when	the	temperature	increases	above	450	°C,	there	is	an	increase	in	TMGa	decomposition	which	contribute	to	a	higher	available	Ga/In	adatom	ratio.	This	allows	more	Ga	to	be	readily	incorporated	into	the	nanowire.		
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	To	 further	 investigate	 the	 effect	 of	 growth	 parameters	 on	 morphology,	 crystal	structure	 and	 composition	 in	 this	 relatively	 high	 growth	 temperature	 regime,	 nanowires	were	grown	at	500	 °C	with	varying	V/III	 ratios	between	1.4	and	20.0.	The	SEM	 images	of	these	nanowires	with	various	V/III	ratios	are	shown	in	figure	5.4	(a-e).	At	a	V/III	ratio	of	1.4,	nanowire	 growth	 is	 significantly	 impaired	 due	 to	 insufficient	 As	 to	 support	 nanowire	growth.	We	observe	nanowire	 growth	 at	V/III	 of	 2.4	 onwards	where	 tapering	 is	 found	 to	increase	 as	 the	 V/III	 ratio	 increases.	 Figure	 5.4	 (f-h)	 shows	 the	 HR-TEM	 images	 of	 these	nanowires	for	three	V/III	ratios	and	their	corresponding	EDX	line	scan	along	the	nanowires.	A	 gradual	 change	 of	 the	 crystal	 structure	 is	 observed	 from	 the	 low	 V/III	 ratio	 towards	 a	higher	ratio.	At	a	V/III	ratio	of	2.4,	the	nanowires	have	a	pure	WZ	crystal	structure	but	as	the	V/III	 ratio	 increases,	 more	 ZB	 segments	 or	 stacking	 faults	 appear.	 The	 HR-TEM	 images	shown	here	were	 taken	within	 the	 first	micrometer	 segment	below	 the	nanoparticle,	 that	represents	 the	 typical	 structure	 of	 the	whole	 nanowire.	 EDX	 compositional	 profile	 of	 the	nanowires	grown	with	different	V/III	 ratios	 is	 shown	on	 the	 right	of	 figure	5.4	 (b-d).	 It	 is	clear	 that	 the	 composition	 is	 uniform	 along	 each	 nanowire	 except	 for	 small	 fluctuations	within	the	measurement	error.	Interestingly,	the	composition	is	tunable	by	varying	the	V/III	ratio.	The	Ga	compositions,	XGa	are	approximately	0.30,	0.36	and	0.56	for	nanowires	grown	with	V/III	ratio	of	2.4,	5.0	and	20.0,	respectively.	From	the	analysis	of	the	EDX	spectrum,	the	actual	molar	 fraction	 of	 Ga	 in	 the	 nanowire	 is	much	 lower	 than	 the	molar	 ratio	 of	 Ga	 in	vapour,	Xv(Ga)	=	0.70.	The	higher	In	content	could	be	due	to	the	greater	affinity	of	In	towards	the	Au	seed	and	higher	In	surface	adatoms	mobility	as	compared	to	Ga	[29].	The	presence	of	In	 has	 also	 been	 found	 to	 reduce	 the	 solubility	 of	 Ga	 in	 the	 Au	 alloy	 particle	 [30].	 The	estimated	 Ga	 content	 using	 Vegard’s	 Law	 and	 the	 lattice	 constant	 measured	 from	 the	diffraction	pattern	of	the	InxGa1-xAs	nanowires	grown	with	a	V/III	ratio	of	2.4	is	0.26,	which	is	close	to	the	EDX	result.						
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Figure	 5.4:	 	 (a-e)	 45°-tilted	 FESEM	 views	 of	 nanowires	 grown	 at	 500	 °C	with	 increasing	V/III	ratio	from	1.4	to	40.0.	Scale	bars	represent	500	nm	(f-h)	HRTEM	images	from	the	first	micrometer	 from	the	 tip	of	 the	nanowire	grown	at	500	°C	with	V/III	 ratios	of	2.4,	5.0	and	20.0,	 respectively.	 The	 inset	 shows	 the	 corresponding	 SAED	 pattern.	 On	 the	 right	 side	 of	each	TEM	 image	 is	 the	EDX	 line	 scan	 representing	 the	 composition	distribution	 along	 the	nanowire	with	 the	dark	 field	 image	of	 the	corresponding	nanowire	 lying	on	 the	TEM	grid.	From	the	EDX	measurements,	the	Ga	atomic	percentage	of	the	nanowires	are	found	to	be	15,	18	 and	28	 corresponding	 to	 a	Ga	molar	 fraction,	 XGa	 of	 0.30,	 0.36	 and	0.56	 for	nanowires	grown	with	V/III	ratio	of	2.4,	5.0	and	20.0,	respectively.			 	
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Earlier	studies	for	InAs	and	GaAs	nanowires	have	indicated	that	the	perfection	of	the	WZ	 phase	 (absence	 of	 stacking	 faults)	 is	 favoured	 at	 lower	 V/III	 ratio	 and	 high	 growth	temperature	 compared	 to	 ZB	 phase	 which	 prefers	 higher	 V/III	 ratio	 and	 low	 growth	temperature	 [19],	 [31]–[33].	 	 Hence,	 it	 is	 not	 surprising	 that	 InxGa1-xAs	 nanowires	would	follow	the	same	trend.	Accordingly,	 in	this	work,	 it	 is	 found	that	while	keeping	the	growth	temperature	 constant	 at	 500	 °C,	 the	 crystal	 structure	 can	 be	 tuned	 from	WZ	 to	more	 ZB	phase	 by	 increasing	 the	 V/III	 ratio.	 The	 change	 of	 crystal	 structure	 of	 nanowires	 is	commonly	 accepted	 to	 be	 a	 result	 of	 the	 change	 in	 supersaturation	 which	 relates	 to	 the	change	in	chemical	potential	at	the	liquid-solid	interface	[30].	Recently,	Lehmann	et	al.		[31]	found	that	a	50-100	times	higher	flow	rate	of	group	V	can	change	the	crystal	structure	from	WZ	phase	directly	 to	ZB	phase	 for	 various	 type	of	 binary	 III-V	nanowires.	 In	 their	 report,	they	 suggest	 that	 the	abundance	of	As	may	 reduce	 the	 surface	energetics	of	 the	nanowire	growth	front	which	would	affect	the	nucleation	barrier	for	WZ	and	ZB	phase.	The	change	in	the	surface	energetics	at	the	VLS	system	at	the	nanowire	growth	front	changes	the	critical	chemical	potential	at	the	liquid-solid	(ΔµLScritical)	interface	which	makes	it	more	favourable	to	form	either	ZB	or	WZ	phase	 [31].	 	Hence,	 it	 is	believed	 in	 this	 case	 that	 increasing	 the	As	ratio,	 reduces	 the	 critical	 chemical	 potential	 at	 the	 liquid-solid	 interface	 for	 ZB	 phase	nucleation	 (ΔµLSZBcritical	 )	 which	 favours	 the	 growth	 in	 ZB	 phase.	 This	 continues	 until	 it	reaches	 again	 the	 critical	 chemical	 potential	 at	 the	 liquid-solid	 interface	 for	 WZ	 phase	nucleation	(ΔµLSWZcritical)	[34].	This	cycle	may	fluctuate	resulting	in	the	random	formation	of	ZB	and	defects	along	the	nanowire.	As	the	V/III	ratio	further	increases,	ΔµLSZBcritical	is	reduced	even	more,	making	 it	more	 stable	 to	 form	ZB	phase	 than	 the	WZ	phase.	Hence,	 at	 a	V/III	ratio	of	40.0,	the	nanowire	has	even	more	ZB	segments	and	twins	rather	than	WZ	segments	as	shown	in	figure	5.3.	A	further	study	by	Lehmann	et	al.	 in	ref.	[34]	shows	that	deviations	from	the	V/III	ratio	which	form	WZ	phase	can	easily	trigger	defects	and	introduce	ZB	phase.		In	particular,	the	trend	of	WZ-ZB	transition	happens	in	the	group-III	limited	regime	where	 the	 V/III	 ratio	 is	 high	 [34].	 A	 similar	 observation	 is	 realised	 with	 InxGa1-xAs	nanowires	 in	 this	 study.	A	 further	 increase	 in	V/III	 ratio	 to	86.0	 is	 found	 to	 form	pure	ZB	phase	as	shown	in	figure	5.5.	In	this	particular	sample,	the	nanowires	were	grown	on	InxGa1-xAs	 stems	 which	 were	 grown	 at	 lower	 V/III	 ratio.	 Indeed,	 at	 high	 V/III	 ratio,	 nanowire	nucleation	 is	 suppressed	 due	 to	 high	 planar	 growth	 rate.	 Therefore,	 the	 stems	 allow	 the	nanowire	to	nucleate	properly	during	the	initial	stage	before	the	V/III	ratio	was	ramped	up	to	86.0.	Although	this	sample	was	grown	with	a	stem	which	is	slightly	different	to	the	other	sample	 from	the	series,	 the	 trend	of	an	 increase	 in	ZB	phase	with	 increasing	V/III	 ratio	 is	still	valid	and	is	therefore	taken	into	account	to	further	elaborate	on	the	results.	Also,	note	
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that	radial	growth	occurs	over	the	stem	due	to	the	increase	of	V/III	ratio	that	highly	favours	radial	growth	as	previously	discussed.			
	
Figure	5.5:	a)	TEM	image	of	the	nanowire	that	was	grown	at	500	ºC	and	V/III	ratio	of	2.4	for	30	minutes	 then	 V/III	 ratio	 of	 86	 for	 10	minutes.	 	 b)	 HRTEM	 of	 the	 segment	 where	 the	nanowire	are	grown	with	V/III	of	86.0,	showing	a	pure	ZB	phase.			 Besides	 the	change	of	 crystal	 structure,	 it	 is	 also	 interesting	 to	observe	changes	 in	the	composition	of	the	InxGa1-xAs	nanowires	with	increasing	V/III	ratio.		The	similar	method	introduced	in	refs.	[32],	[33]	is	used	to	determine	the	percentage	of	twinned	bilayers	in	the	nanowires	as	a	function	of	V/III	ratio.	This	is	plotted	in	figure	5.6	in	order	to	further	clarify	the	trend	of	crystal	phase	with	V/III	ratio.	A	100%	twinned	bilayers	fraction	refers	to	a	pure	WZ	 phase	 while	 a	 ZB	 phase	 has	 no	 twinned	 bilayers	 and	mixed	 phase	 is	 represented	 in	between	these	two	extremes.	The	average	Ga	molar	fraction	obtained	by	EDX	measurements	is	also	plotted	against	 the	V/III	 ratio	 in	 figure	5.6.	Higher	Ga	concentration	 is	observed	 in	samples	grown	with	higher	V/III	ratio	where	there	is	also	more	ZB	phase	observed.				
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Figure	 5.6:	 The	 average	 percentage	 of	 twinned	 bilayers	 and	 Ga	 molar	 fraction	 as	determined	 by	 the	 EDX,	 XGa	against	 the	 V/III	 ratio.	 Nanowires	 were	 grown	 at	 a	 constant	growth	temperature	of	500	°C.	Error	bars	for	the	twinned	bilayers	are	within	data	points.			There	 could	 be	 an	 increase	 of	 Ga	 concentration	 in	 the	 Au-alloy	 particle	 during	growth	as	the	V/III	ratio	increases.	However,	this	cannot	be	confirmed	as	the	composition	of	the	Au-alloy	particle	after	growth	has	very	little	Ga	concentration	and	no	clear	variation	 is	observed	for	various	V/III	ratios.	A	typical	EDX	spectrum	representing	the	Au-alloy	particle	composition	is	shown	in	figure	5.7.	Ga	is	known	to	deplete	from	the	Au-alloy	particle	while	cooling	 in	 AsH3	 ambient	 [35].	 	 In	 all	 cases,	 there	 is	 always	 more	 In	 in	 the	 particle	 after	growth	which	is	supported	by	the	fact	that	In	is	much	harder	to	deplete	out	of	Au	compared	to	Ga	when	both	species	are	present	[29],	[30].			 	
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Figure	5.7:		EDX	spectrum	was	taken	at	the	middle	of	the	nanowire	Au-alloy	particle	for	the	sample	grown	at	500	°C	and	V/III	ratio	of	20.0.	Copper	signal	is	from	the	copper	grid	used	for	holding	nanowires	for	TEM	characterisation.	Only	Ga,	As,	Au	and	In	signal	is	taken	into	account	 in	 determining	 the	 composition	 of	 the	 Au-alloy	 particle.	 Ga	 and	 As	 peaks	 are	typically	very	small	peaks	in	all	set	of	samples.			In	 addition	 to	 compositional	 variation,	 the	 V/III	 ratio	 series	 also	 reveals	 a	 direct	correlation	 between	 radial	 growth	 and	 crystal	 structure.	 Although	 radial	 growth	 may	increase	 due	 to	 the	 lower	 adatom	 diffusion	 at	 high	 V/III	 ratio,	 the	 crystal	 defects	 are	believed	to	further	enhance	the	radial	growth.	Crystal	defects	have	been	reported	to	act	as	nucleation	sites	for	radial	growth	[36],	[37].	Hence,	a	higher	density	of	defects	would	lead	to	a	 higher	 degree	 of	 tapering.	 From	 this	 reasoning,	 one	 can	 propose	 that	 once	 the	 crystal	phase	 purity	 is	 obtained,	 radial	 growth	 and	 compositional	 inhomogeneity	 would	 be	minimised	regardless	of	 the	 length	of	 the	nanowires.	 Indeed,	we	demonstrated	 this	 in	 the	optimised	sample	with	pure	WZ	structure	which	was	grown	for	80	minutes	(4	times	longer	growth	time	than	for	standard	samples,	as	those	grown	in	figure	5.1).	Figure	5.8	(a)	shows	a	45°-tilted	SEM	view	of	 the	nanowires	and	 figure	5.8	 (f)	 is	 the	bright	 field	TEM	 image	of	 a	nanowire	 showing	 that	 the	 nanowire	 is	 7	 µm	 long	 with	 negligible	 tapering.	 A	 uniform	composition	 is	 confirmed	by	 the	EDX	mapping	 shown	 in	 figure	5.8	 (c-e)	 and	 the	EDX	 line	scan	measurements	are	from	the	areas	at	the	top,	middle	and	the	base	of	the	nanowire.	Note	that	 the	 composition	 is	 slightly	 different	 (XGa	 =	 0.20	 instead	 of	 0.30)	 possibly	 due	 to	 the	slight	variation	of	density	from	the	previous	pure	WZ	nanowire	shown	in	figure	5.4.		
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Figure	 5.8:	 (a)	 45°-tilted	 FESEM	 view	 of	 the	 7	 µm	 long	 almost	 defect-free	 InxGa1-xAs	nanowire	b)	cross-sectional	HAADF	image	of	the	nanowire	obtained	from	the	middle	region	of	the	nanowire.	(c-e)	EDX	map	of	Ga	and	In	of	the	corresponding	cross-section	in	b).	f)	TEM	image	of	 the	nanowire	with	EDX	 (~1	µm)	 line	 scan	measurements	 at	 the	 top,	middle	 and	bottom	of	the	nanowire.			 The	 crystal	 structure	 of	 the	 long	 nanowire	 maintains	 almost	 defect-free	 wurtzite	phase	 with	 a	 defect	 concentration	 of	 less	 than	 one	 stacking	 fault	 per	 micron,	 randomly	located	along	the	 length	of	 the	nanowires.	The	ability	 to	grow	longer	nanowires	with	high	quality	crystal	structure	further	supports	that	the	radial	growth	is	further	suppressed	due	to	the	absence	of	stacking	faults	and	zinc-blende	segments.					
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5.5	Effect	of	Au-seed	particle	size	on	morphology,	crystal	structure	
and	composition		The	 size	 of	 the	 seed	 particle	 is	 known	 to	 have	 a	 pronounced	 effect	 on	 nanowire	 growth,	especially	on	their	crystal	phase.	[19],	[32],	[38]–[42].	Hence,	to	further	gain	insight	on	the	effect	 of	 Au-seed	 particle	 size	 towards	morphology,	 crystal	 structure	 and	 composition	 of	InxGa1-xAs	nanowires,	different	sized	Au-seed	were	used	 in	 the	growth	at	500	ºC	and	V/III	ratio	of	2.4.	This	was	 the	growth	 condition	 for	 almost	defect-free	WZ	 InxGa1-xAs	nanowire	with	uniform	morphology	and	composition	using	30	nm	Au	particles.	It	is	of	interest	to	see	whether	WZ	phase	 can	be	maintained	with	 larger	 diameters	 since	 this	 is	 not	 the	 case	 for	InAs	nanowires	[19],	[32].		Figure	5.9	shows	the	SEM	images	of	the	nanowires	grown	with	10,	20,	30,	50	and	80	nm	Au-seed	particles.	It	can	be	clearly	observed	that	the	lengths	of	the	nanowires	seeded	by	the	smaller	diameters,	10	and	20	nm	are	much	shorter,	possibly	due	to	the	Gibbs-Thompson	effect	which	slows	down	the	growth	rate	of	the	smaller	diameter	nanowires.	A	similar	effect	has	 been	 reported	 for	 InAs	 nanowires	 with	 a	 diameter	 of	 25	 nm	 and	 smaller	 [38].	 The	growth	 rate	 was	 observed	 to	 increase	 with	 the	 diameter	 up	 to	 50	 nm,	 then	 decreases	slightly	 when	 grown	with	 80	 nm	 seed	 particles.	 TEM	 images	 in	 figure	 5.9	 (f-j)	 show	 the	crystal	 structure	 of	 the	 nanowires	 grown	with	 various	 Au-seed	 particle	 sizes.	 Nanowires	seeded	 by	 10,	 20	 and	 30	 nm	Au-seed	 particles	 show	 a	 pure	WZ	 phase	 similar	 to	 the	 one	previously	discussed	in	this	chapter	while	those	seeded	by	50	and	80	nm	Au-seed	particles	have	dominantly	a	ZB	crystal	 structure	with	 twins	and	small	 segments	of	WZ.	This	 shows	that	 the	 WZ	 phase	 cannot	 be	 maintained	 at	 larger	 diameters	 and	 goes	 through	 WZ-ZB	transition	with	 increasing	 diameter.	 This	 transition	 is	 similar	 to	 those	 of	 InAs	 nanowires	[19],	[32]	and	can	be	explained	by	the	change	in	supersaturation	of	the	Au-alloy	particle	as	affected	by	the	Gibbs-Thompson	effect	[39].			
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Figure	5.9:	(a-e)	Side	views	of	nanowires	grown	at	500	°C	with	V/III	ratio	of	1.4	for	10,	20,	30,	50	and	80	nm,	respectively.	Scale	bars	represent	500	nm.	(f-j)	TEM	images	from	the	tip	area	 of	 nanowire	 grown	 with	 10,	 20,	 30,	 50	 and	 80	 nm,	 respectively	 corresponding	 to	nanowires	from	sample	in	the	SEM	images	of	(a-e).	
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Figure	5.10:	The	average	percentage	of	twinned	bilayers	and	Ga	molar	fraction,	XGa	against	the	Au-seed	particle.	Nanowires	were	grown	at	 a	 constant	growth	 temperature	of	500	 °C.	Error	bars	are	within	data	point	for	the	twinned	bilayers.		With	regards	to	the	composition,	Ga	incorporation	is	observed	to	increase	with	the	diameter	as	shown	by	the	graph	in	figure	5.10.	This	also	follows	with	the	increase	of	the	ZB	phase	which	 again	 indicates	 a	 correlation	between	 the	 crystal	 phase	 and	 the	 composition	similar	 to	 the	 one	 previously	 discussed	 and	 shown	 in	 figure	 5.6.	 As	 discussed	 earlier	 and	shown	by	figure	5.7,	 the	post-growth	Au-alloy	composition	was	found	to	have	no	traces	of	Ga	and	instead	only	contained	In.	Similar	result	are	obtained	for	the	Au-alloy	 in	this	set	of	samples.	 Further	 EDX	 composition	mapping	 of	 the	 80	 nm	 Au-seeded	 nanowire	 shown	 in	figure	5.11	reveals	an	interesting	finding	whereby	the	segment	beneath	the	Au-alloy	particle	has	a	higher	In	content	as	compared	to	other	parts	of	the	nanowire.	It	 is	believed	that	this	segment	grew	after	 the	 In	and	Ga	supplies	were	shut	off.	Hence,	 the	observation	 indicates	that	during	growth	there	could	be	more	In	in	the	Au-alloy	particle.			
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Figure	5.11:	a)	HAADF	image	of	the	tip	area	of	80	nm	Au-seeded	nanowire.	(b-e)	EDX	maps	of	 Au,	 Ga,	 In	 and	 the	 overlay	 of	 all	 there	 images	 showing	 the	 composition	 distribution	around	the	tip	area	of	the	80	nm	Au-seeded	nanowire.		
5.6	Optical	properties	of	WZ	InxGa1-xAs	/InP	nanowire	core-shell	
structures		 To	investigate	the	optical	quality	of	the	uniform	pure	WZ	phase	InxGa1-xAs	nanowires	achieved	 in	 this	 chapter,	 an	 additional	 sample	 of	 30	 nm	 Au-seeded	 InxGa1-xAs	 nanowires	with	 InP	 shell	 was	 grown	 to	 passivate	 the	 InxGa1-xAs	 surface	 states.	 The	 core	 nanowires	were	grown	for	45	minutes	at	500	°C	with	V/III	ratio	of	2.4	and	the	InP	shell	was	grown	at	550	°C	with	V/III	ratio	of	780	for	8	minutes	corresponding	to	about	10	nm	in	thickness.	The	structural	properties	of	these	nanowires	are	similar	to	the	one	shown	in	figure	5.4	(f)	which	has	a	WZ	phase.	The	nanowires	also	maintain	a	taper-free	morphology	with	a	small	InP	tip	that	 overgrew	 axially	 during	 the	 growth	 of	 the	 InP	 shell.	 The	 composition	 of	 the	 core,	 is	In0.65Ga0.35As	 as	 obtained	 by	 EDX	 measurement	 of	 the	 nanowire	 cross-section	 shown	 in	figure	5.12	(b-c).	The	shell	was	observed	to	be	rather	uniform	around	the	core	as	shown	by	the	EDX	mapping	in	figure	5.12	(d-h).		
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Figure	5.12:	a)	SEM	image	of	InxGa1-xAs/InP	core-shell	nanowire	grown	at	500	°C	and	V/III	ratio	 of	 2.4	 with	 InP	 shell	 grown	 at	 550	 °C.	 b)	 HAADF	 image	 of	 the	 cross-section	 of	 the	nanowire	 obtained	 from	 the	 middle	 region	 of	 the	 nanowire	 showing	 10	 nm	 InP	 shell	surrounding	 InxGa1-xAs	 nanowire	 core.	 The	 crosses	 represent	 the	 spot	 where	 EDX	measurement	was	carried	out	to	determine	the	core	composition.	c)	the	composition	of	the	core	as	measured	by	 spot	analysis	 at	 the	 centre	of	 the	nanowire	 cross-section	 in	b).	 (d-g)	EDX	mapping	of	 the	cross-section	 for	each	composition	species	(h)	 the	overlay	of	 the	EDX	maps	for	all	composition	species.		The	photoluminescence	measurements	were	carried	out	on	ensembles	of	nanowires	spread	on	quartz	substrate.	The	photoluminescence	spectra	measured	at	6	K	are	shown	in	figure	5.13.		
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Figure	 5.13:	 Photoluminescence	 spectra	 of	 ensemble	 of	 In0.65Ga0.35As	 nanowires	 and	In0.65Ga0.35As	/InP	core-shell	heterostructure	nanowires	measured	at	6	K		 Without	 the	 passivation,	 no	 significant	 PL	 peak	 was	 observed	 as	 shown	 in	 figure	5.13	 which	 clearly	 indicates	 that	 a	 passivation	 layer	 is	 required	 to	 suppress	 surface	recombination.	This	is	further	supported	when	a	single	peak	at	0.815	eV	(1.54	µm)	is	clearly	observed	for	the	In0.65Ga0.35As	/InP	heterostructure.	However,	this	peak	is	blue	shifted	from	the	expected	value	calculated	for	In0.65Ga0.35As	(at	6	K	the	expected	value	 is	 for	unstrained	ZB	 In0.65Ga0.35As	 is	 0.696	 eV	 (1.78	 µm)),	 which	 is	 understood	 to	 be	 a	 combination	 of	 the	larger	bandgap	of	the	WZ	phase	[43]	and	the	compressive	strain	imposed	by	the	InP	shell	to	the	InxGa1-xAs	core.	A	blue	shift	purely	due	to	WZ	phase	without	strain	effect	for	InxGa1-xAs	and	 InAs	can	be	on	 the	order	of	30	 -100	meV	 [43],	 [44].	An	even	higher	blue	 shift	 can	be	caused	by	 the	compressive	strain	which	has	been	reported	 to	be	 larger	 in	WZ	phase	 [45].	However,	it	is	difficult	at	present	to	differentiate	between	the	shifts	posed	by	the	strain	and	the	WZ	phase	as	 this	also	 is	very	much	dependent	on	 the	composition	 [46].	The	broad	PL	linewidth,	consistent	with	previous	reports	[7],	[47]	can	also	be	due	to	the	inhomogeneity	of	the	strain	along	the	nanowire	and/or	due	to	the	small	fluctuation	of	the	composition,	which	is	below	the	detection	level	of	our	EDX	measurements.	This	interesting	potential	to	tune	the	emission	 wavelength	 by	 strain	 engineering	 will	 be	 the	 subject	 of	 Chapter	 7	 where	 it	 is	further	explored	with	InxGa1-xP	shell.		
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5.7	Summary		This	 chapter	 presented	 a	 systematic	 study	 of	 InxGa1-xAs	 nanowire	 growth	 over	 a	 range	 of	growth	 parameter	 combinations.	 A	 wide	 range	 of	 growth	 windows	 resulted	 in	 tapered	morphology	 nanowires.	 However,	 an	 optimum	 set	 of	 growth	 conditions	 for	 pure	 crystal	phase,	 taper-free	 and	 uniform	 composition	 InxGa1-xAs	 was	 found	 within	 the	 study.	 The	optimum	growth	 conditions	 suppress	 the	 self-forming	 core-shell	 structure,	which	 is	 often	reported	for	tapered	ternary	nanowires.	The	composition	was	found	to	depend	on	growth	temperature,	V/III	ratio	and	seed	particle	size	despite	keeping	the	ratio	of	the	In	and	Ga	in	vapour	 constant.	 Hence,	 this	 shows	 tunability	 of	 composition	 with	 growth	 temperature,	V/III	ratio	and	diameter.	Further	investigation	of	the	nanowire	crystal	phase	shows	that	Ga	incorporation	increases	with	the	amount	of	ZB	phase	suggesting	a	crystal	phase	dependent	InxGa1-xAs	 composition.	 Detailed	 TEM	 studies	 also	 reveal	 that	 radial	 growth	 is	 directly	correlated	with	the	amount	of	planar	defects	along	the	nanowires.	Defects	or	ZB	segments	in	the	predominantly	WZ	crystal	structure	act	as	nucleation	sites	for	radial	growth	and	causes	significant	 tapering	 of	 the	 nanowire.	 This	 allows	 us	 to	 tune	 their	 morphology	 thereby	achieving	 taper-free	 InxGa1-xAs	 nanowires	 up	 to	 several	 microns	 in	 length	 whilst	maintaining	 composition	homogeneity	 along	 their	 entire	 length.	 PL	measurements	 on	 InP	capped	WZ	phase	In0.65Ga0.35As	nanowires	reveal	that	the	nanowires	emit	in	the	IR	region	of	1.54	 µm	 at	 low	 temperatures	 and	 the	 PL	 peak	 is	 blue	 shifted	 compared	 to	 the	 expected	emission	 from	 unstrained	 ZB	 In0.65Ga0.35As	 due	 to	 the	 WZ	 phase	 and	 compressive	 strain	imposed	by	the	InP	shell.			In	 the	 following	 chapter,	 the	 ternary	nanowire	 growth	model	 is	 extrapolated	with	the	experimental	findings	in	order	to	gain	a	deeper	understanding	of	the	main	factors	that	govern	the	composition	and	growth	rate	of	 InxGa1-xAs	nanowires.	Further	 investigations	of	other	 heterostructures	 with	 InxGa1-xAs	 core	 shall	 be	 presented	 in	 chapter	 7,	 which	 could	expand	the	possibility	of	strain	in	the	bandgap	tunability	of	the	core-shell	heterostructures.			
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Chapter	6	
Towards	understanding	of	Au-seeded	InxGa1-xAs	nanowire	growth		
Overview		In	this	chapter,	a	growth	model	is	proposed	to	explain	the	growth	evolutions	of	Au-seeded	InxGa1-xAs	 nanowires.	 The	model	 is	 based	 on	 the	 irreversible	 nucleation	 rate	 of	 nanowire	growth		to	minimize	the	uncertainties	which	could	arise	from	the	classical	nucleation	model.	The	 model	 was	 found	 to	 match	 the	 experimental	 results	 well,	 thus	 providing	 a	 deeper	understanding	of	the	factors	that	govern	the	growth	rate	and	the	composition	of	InxGa1-xAs	nanowires.	The	understanding	may	serve	as	the	basic	knowledge	on	how	to	control	growth	of	 InxGa1-xAs	 nanowires.	 Nonetheless,	 the	 model	 can	 still	 be	 extended	 to	 understand	 the	growth	of	other	ternary	nanowires	and	cover	a	wider	range	of	growth	conditions	including	other	 issues	 that	 can	 be	 governing	 the	 growth	 of	 ternary	 nanowires.	 	 A	 large	 part	 of	 the	results	from	this	chapter	have	been	published	in	ref.	[1].				
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6.1		 Introduction	
	As	previously	presented	in	chapter	2,	ternary	nanowires	are	interesting	as	they	allow	for	the	desired	bandgap	tunability	simply	by	changing	the	alloy	fraction	of	the	ternary	compound.	However,	they	bring	additional	complexity	in	terms	of	understanding	and	control	because	of	compositional	 and	 structural	 inhomogeneity	 due	 to	 segregation	 [2],	 intermixing,	 different	diffusion	coefficients	for	each	species,	composition-dependent	crystal	structure	[3],	[4]	and	differing	 incorporation	 pathways	 for	 each	 element	 at	 the	 Au	 alloy	 particle-nanowire	interface	or	on	the	exposed	sidewalls	[2],	[5],	[6].	This	has	been	discussed	earlier	and	more	references	can	be	found	in	chapter	2.	Improving	our	fundamental	understanding	of	ternary	nanowire	 growth	 and	 composition	 evolution	 as	 a	 function	 of	 directly	 accessible	experimental	 parameters	 would	 therefore	 be	 crucial	 to	 achieve	 better	 control	 over	 the	device	structures.			 There	 has	 been	 a	 great	 amount	 of	 theoretical	 and	 modelling	 work	 in	 trying	 to	enhance	the	understanding	of	single	and	binary	nanowire	growth	in	the	past	decades	[7]–[13].	These	works	have	served	as	a	fundamental	conceptual	toolkit	towards	controlling	the	growth	of	nanowires.	Despite	recent	 interest	 [14]–[16],	 true	understanding	and	modelling	of	ternary	III-V	nanowires	obtained	by	the	VLS	mechanism	with	Au	catalysts	is	still	lacking.	This	 is	 due	 to	 several	 issues	 such	 as:	 (i)	 complex	 equilibrium	 phase	 diagrams	 and	 non-equilibrium	chemical	potentials	of	quaternary	alloys	such	as	Au-Ga-In-As	 in	our	case	 [17],	(ii)	uncertainties	 in	determining	the	composition	of	 the	 initial	critical	nucleus	even	 if	both	Au	alloy	particle	 and	 solid	 compositions	were	 exactly	 known,	 (iii)	 absence	of	 any	data	on	relevant	surface	energies	of	different	interfaces	and	(iv)	lack	of	reliable	data	on	the	kinetic	parameters	(diffusion	lengths,	desorption	rates	of	As	etc.)	as	a	function	of	the	composition.	Therefore,	 the	 existing	 approach	 based	 on	 chemical	 potentials,	 surface	 energies,	 and	 the	Zeldovich	 nucleation	 rate	 for	 macroscopic	 islands	 [8],	 [18],	 [19]	 as	 presented	 earlier	 in	chapter	 2,	 may	 require	 some	 crude	 assumptions	 which	 cannot	 be	 easily	 checked	 against	experimental	data.	Consequently,	a	simple	model	for	complex	growth	phenomena	in	InxGa1-
xAs	nanowires	is	developed	and	discussed	in	this	chapter.		In	 the	 previous	 chapter,	 the	 growth	 of	 InxGa1-xAs	 nanowires	 under	 several	combinations	of	growth	parameters	are	already	discussed	providing	practical	knowledge	on	how	 to	 achieve	 nearly	 untapered,	 compositionally	 homogeneous,	 and	 pure	 crystal	 phase	InxGa1-xAs	 nanowires.	 	 This	 chapter	 is	 aimed	 at	 providing	 deeper	 insights	 into	 the	fundamental	 understanding	 using	 theoretical	 modelling	 to	 support	 the	 experimental	
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findings.	The	final	nanowire	axial	growth	rates	and	compositions	as	a	 function	of	different	experimentally	 controlled	 conditions	 together	with	 fittings	 from	 the	model	 are	 presented	and	 discussed.	 The	main	 parameters	 that	 are	 expected	 to	 influence	 the	 nanowire	 growth	and	 composition	 are:	 Au	 alloy	 particle	 diameter,	 V/III	 flow	 ratio	 in	 vapour	 and	 growth	temperature.	 The	model	 is	 capable	 of	 describing	 the	main	 experimental	 trends	 and	most	importantly,	may	serve	as	the	first	step	toward	establishing	a	more	advanced	understanding	of	the	growth	of	ternary	nanowires.	
6.2	Scientific	hypotheses	and	assumptions	for	the	model	
6.2.1	General	context	of	the	growth	model		The	schematic	for	Au-seeded	growth	of	InxGa1-xAs	nanowires	in	metal-organic	vapour	phase	epitaxy	 (MOVPE)	 reactor	 is	 illustrated	 in	 figure	 6.1.	 The	 trimethlyindium	 (TMIn),	trimethylgallium	 (TMGa)	 and	 arsine	 (AsH3)	 precursors	 arrive	 at	 different	 surfaces	 from	vapour	 in	 a	 given	 proportion,	 dissociate	with	 different	 temperature-dependent	 rates,	 and	incorporate	on	the	sidewalls	by	the	vapour-solid	(VS)	mechanism,	or	through	the	Au	alloy	particle	 {111}B	 surface	 by	 the	 vapour-liquid-solid	 (VLS)	mechanisms.	 VS	 and	VLS	 are	 the	two	generic	mechanisms	that	govern	the	growth	and	final	morphology	of	the	nanowire.	The	Au	alloy	particle	size,	however,	should	be	preserved	during	steady-state	growth.		
	
Figure	 6.1:	Schematics	of	Au-assisted	 InxGa1-xAs	nanowire	growth	by	MOVPE	reactor.	The	VLS	growth	in	(a)	results	in	a	time-independent	radius	while	the	combination	of	VLS	and	VS	growths	 in	 (b)	 yields	 nanowires	 with	 tapered	 morphology.	 The	 TMGa,	 TMIn	 and	 AsH3	precursors	decompose	into	Ga,	In	and	As,	respectively,	releasing	by-products.	The	As	atoms	incorporate	through	direct	impingement	only,	while	Ga	and	In	adatoms	are	able	to	diffuse	to	the	 Au	 alloy	 particle	 from	 the	 nanowire	 sidewalls,	 with	 the	 diffusion	 lengths	𝜆!"	and	𝜆!",	respectively.		
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6.2.2	Composition	of	Au	alloy	particle	and	nanowire	solid	
	
The	 composition	 of	 the	 Au	 alloy	 particle	 during	 the	 growth	 of	 nanowires	 is	specifically	important	for	growth	of	alloy	nanowires	with	three	or	more	species	as	it	should	correlates	 to	 the	 final	 nanowire	 composition.	 However,	 it	 is	 difficult	 to	 determine	 the	composition	 of	 the	 Au	 alloy	 particle	 during	 the	 growth	 due	 to	 the	 limitation	 of	 currently	available	 in-situ	 experimental	 techniques.	 Based	 on	 some	 of	 the	 ex-situ	 post	 growth	measurements	of	the	Au	alloy	particle	composition	as	presented	earlier	in	chapters	4	and	5	including	some	of	others	 reports	 [6],	 [14],	 the	composition	of	 the	Au	alloy	particle	 should	reflect	closely	the	composition	of	the	final	nanowire.	To	clarify,	it	is	noted	that	in	some	cases	this	assumption	may	not	be	valid,	since	it	has	been	suggested	that	In	species,	although	found	post-growth	in	the	Au	alloy	particle,	may	not	be	precipitated	into	the	solid	nanowire	phase	[11].		 Therefore,	 in	 this	 model,	 the	 relative	 atomic	 concentrations	 of	 In	 and	 Ga	 are	assumed	 to	be	 the	 same	 in	 the	 liquid	and	 solid	 states,	hence	 the	nanowire	 composition	 is	given	by	
𝑥!" = !!"!!"!!!" ;   𝑥!" = !!"!!"!!!",			 	 	 (1)	where	𝑥!"	and	𝑥!"		are	the	atomic	concentrations	of	In	and	Ga	atoms	in	the	nanowire	while	and 	are	the	atomic	concentrations	in	the	Au	alloy	particle.		
This	 invariant	 composition	 assumption	 implies	 a	 transport-limited	 regime	 of	nanowire	 growth	 rather	 than	 a	 nucleation-limited	 growth	 mode	 in	 which	 the	 liquid	 and	solid	 composition	 can	 be	 very	 different	 for	many	 reasons	 (preferential	 nucleation	 and/or	two-dimensional	growth	of	one	compound	versus	the	other,	non-stoichiometric	nuclei	etc.).			
6.2.3	Nucleation	model	
	While	 the	nucleation-limited	 regime	 should	be	described	by	 the	Zeldovich	nucleation	 rate	[19]	as	presented	earlier	in	chapter	2,	some	recent	studies	revealed	that	we	really	approach	the	 limit	 of	 macroscopic	 theory	 in	 such	 modelling	 even	 for	 binaries.	 For	 instance,	 the	nucleus	 critical	 size	 of	 Au-catalyzed	 GaAs	 nanowires	 grown	 by	 hydride	 vapour	 phase	epitaxy	approaches	one	III-V	pair	[19]	and	equals	only	two	III-V	pairs	in	Ga-catalyzed	GaAs	
Inc Gac
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nanowires	 [20].	 Clearly,	 the	 classical	 model	 for	 macroscopic	 island	 with	 well-defined	boundaries	is	hardly	suited	to	describe	such	situations.	Furthermore,	lack	of	knowledge	on	the	 parameters	 such	 as	 the	 surface	 energies	 and	 chemical	 potential	 for	 complex	quarternary/ternary	system	required	for	assumptions	in	the	classical	Zeldovich	nucleation	model	would	lead	to	more	uncertainties.	Hence,	in	this	chapter,	the	irreversible	growth	model	is	adopted	as	a	better	solution	in	obtaining	more	understanding	on	the	growth	of	Au-seeded	InGaAs	nanowires.	Nucleation	is	irreversible	if	a	dimer	(i.e.,	a	nucleus	formed	by	the	meeting	of	two	adatoms)	is	thermally	stable	and	evaporation	is	neglected.	In	such	case,	the	nucleation	rate	depends	on	attachment	rate	 constant	 that	 is	 related	 to	 the	 diffusion	 coefficient	 and	 the	 capture	 rate	 unlike	 in	Zeldovich	nucleation	 rate	where	 the	Zeldovich	 factor	will	 depend	on	whether	 the	nucleus	will	grow	or	shrink.		Recently,	the	irreversible	growth	model	is	reported	to	provide	insight	into	a	 larger	range	of	growth	conditions	beyond	 the	nucleation	which	 includes	 transitions	from	mononuclear	 to	polynuclear	 regime	and	also	 the	atomistic	growth	of	VLS	nanowires	[21].		 As	in	the	irreversible	growth	models	[21],	[22]	and	in	line	with	the	first	assumption	on	the	uniform	composition,	we	write	the	nucleation	rate,	𝐽,	in	the	form	of			𝐽 = 𝜎𝐷!"𝑛!"! (𝑛!"! + 𝑛!"! )	 	 	 	 (2)	Here,	𝐷!" is	the	As	diffusion	coefficient	in	liquid, 𝑛!! 	are	the	surface	concentration	of	atoms	of	species	𝑘(𝑘 = 𝐴𝑠, 𝐼𝑛,𝐺𝑎)	at	 the	 liquid-solid	 interface	 and	𝜎	is	 the	 capture	 rate	 which	 is	assumed	 identical	 for	𝑘 = 𝐼𝑛,𝐺𝑎.	 Otherwise,	 the	 nanowire	 composition	would	 differ	 from	the	liquid	one	due	to	different	aggregation	probabilities	of	InAs	and	GaAs.		Assuming	 a	 spatially	 homogeneous	 composition	 in	 the	Au	 alloy	 particle	 due	 to	 its	small	dimension	and	high	diffusivities	in	liquid	at	typical	growth	temperatures,	we	can	write		𝑛!! = (ℎ/Ω)𝑐! 	 	 	 	 	 	 (3)		with	ℎ as	 the	 height	 of	 a	monolayer	 and	Ω as	 the	 volume	 per	 III-V	 pair	 in	 the	 solid	 state.	Using	the	atomistic	growth	picture,	we	can	thus	write	the	second	central	assumption	of	the	model	in	the	form	of	
𝐽 = 𝜎𝐷!" !! ! 𝑐!"(𝑐!" + 𝑐!").																																																(4)	This	 nucleation	 rate	 gives	 the	 probability	 of	 nucleation	 per	 unit	 surface	 area.	 Hence	 the	nanowire	elongation	rate	can	be	approximated	as	
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!"!" = ℎ𝜋𝑅!!𝐽,																																																																																(5)																																																																																																												where	𝑅! 	is	the	radius	of	the	nanowire	top.	Here,	the	nucleation	is	assumed	to	be	effectively	mononuclear	[18]	although	the	critical	size	is	close	to	one.	This	holds	only	for	narrow	facets	but	in	fact	Eq.	(5)	will	affect	the	resulting	growth	rate	only	for	small	enough	R.			
6.2.4	Diffusion	transport			Another	important	factor	that	we	have	to	take	into	account,	which	highly	affects	the	growth	of	 nanowires,	 is	 the	 diffusion	 transport	 of	 the	 species	 towards	 the	 nanowire	 growth	interface	 and	 the	 nanowire	 sidewalls.	 This	 factor	 is	 critical	 in	 determining	 the	 final	composition	and	morphology	of	ternary	nanowires.	For	example	the	difference	in	Ga	and	In	diffusion	 length	 is	 believed	 to	 have	 a	 pronounced	 effect	 on	 the	 nanowire	 composition	homogeneity.	
6.2.4.1	Diffusion	transport	of	group	III	species		For	 the	 diffusion	 transport	 of	 both	 group	 III	 species,	 the	 following	 simple	 expression	 is	adopted	from	[18]:		
𝑗! = 2𝑉! 1 + !!!! 1 − !!!!! 	 	 	 	 (6)																																																															for 𝑘 = 𝐼𝑛,𝐺𝑎,	written	for	hemispherical	Au	alloy	particle	with	the	radius	equivalent	to	the	radius	of	the	nanowire	top, 𝑅! .	Here	𝑉! is	the	atomic	vapour	influx	of	the	group	III	species,	accounting	for	the	temperature-dependent	cracking	efficiencies	of	TMIn	and	TMGa	[25].	The	
atomic	 influx,	 Vk	 in	 this	 case	 refers	 to	 the	 deposition	 rate	 of	 In	 or	 Ga	 onto	 the	 substrate	
equivalent	to	 I.Ω	where	 I	 is	 In	and	Ga	flux	and	Ω	 is	their	elementary	volume	per	 III-V	pair	[18].	𝜆! = 𝐷!𝜏! 	is	 the	 effective	 diffusion	 length	 of	 the	 group	 III	 adatoms	 on	 the	 sidewalls	(influenced	by	the	As	 flux),	𝐷!  is	 the	diffusion	coefficients	of	 In	and	Ga	adatoms, 𝜏! 	is	 their	effective	 lifetimes	 (limited	 by	 radial	 growth)	 and  𝑐!! = 𝑉! 𝜏!/ℎ 	is	 the	 effective	 adatom	activities	 on	 the	 sidewalls.	 The	 first	 term	 in	 Eq.	 (4)	 describes	 direct	 vapour	 flux	 and	 the	second	 represents	 surface	 diffusion	 of	 In	 and	 Ga	 adatoms	 [10],	 [18].	 Desorption	 of	 both	
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group	III	species	from	the	Au	alloy	particle	is	insignificant	and	hence	neglected	at	the	typical	growth	temperatures	between	400	and	525	ºC	[18],	[23].		 In	 the	 first	 approximation,	 the	 radial	 growth	 rate	 on	 the	 nanowire	 sidewalls	 is	independent	 of	 height,	 and	hence	 the	nanowire	 shape	 is	 conical	 for	 the	 combined	VLS-VS	and	cylindrical	for	the	purely	VLS	incorporation	pathways,	as	shown	in	Fig.	6.1.	This	radial	growth	can	be	well	described	within	our	model	but	is	not	elaborated	here,	since	it	does	not	affect	the	composition	of	VLS-grown	nanowire	cores,	constituting	the	major	fraction	of	the	nanowire	 material.	 This	 radial	 contribution	 is	 however	 suggested	 as	 the	 future	improvement	for	the	model	as	described	later	in	the	chapter	in	section	6.4.2.			 The	 Au	 alloy	 particle	 can	 maintain	 a	 time-independent	 radius	𝑅! ,	 only	 when	 the	material	influx	of	group	III	atoms	into	the	Au	alloy	particle	equal	their	sink	due	to	nanowire	growth,	i.e.	
𝑥! !"!" = 𝑗! 	 	 	 	 	 	 	 (7)	for 𝑘 = 𝐼𝑛,𝐺𝑎.	Summing	up	Eq.	(7)	for	In	and	Ga,	we	obtain:	𝑑𝐿 𝑑𝑡 = 𝑗!" + 𝑗!" ,	which	gives	the	transport-limited	elongation	rate.		
6.2.4.2	Diffusion	transport	of	As	species	
	Neglecting	surface	diffusion	of	As	species	[22],	[24]	and	accounting	for	its	desorption	from	the	Au	alloy	particle,	the	As-limited	elongation	rate	in	the	steady	state	is	given	by	[25]:	
!"!" = 2 𝑉!" 1 + 𝜀 − 𝜈!"!"#exp 𝑅!" 𝑅! 𝑐!" ,	 	 	 (8)																																																																			where	𝑉!" is	the	direct	atomic	flux	of	As	and	𝜀	describes	possible	re-emission	of	As	species.	Desorption	of	As	atoms	from	the	Au	alloy	particle	is	assumed	as	being	proportional	to	the	As	concentration	with	a	certain	temperature-dependent	coefficient	𝜈!"!"#.	Additionally,	we	take	into	 account	 the	 Gibbs-Thomson	 (GT)	 effect	 [10],	 [26]	 which	 exponentially	 increases	 As	desorption	 from	 small	 Au	 alloy	 particles	 due	 to	 the	 curvature	 effect,	 with	 a	 certain	characteristic	GT	radius 𝑅!" .							
6.2.4.3	Model	derivation	for	InxGa1-xAs	nanowire	composition	and	growth	rate		So	far,	the	main	modelling	assumption	has	been	proposed	and	the	expression	adopted	from	previous	established	works	have	been	clarified.	In	order	to	solve	the	expressions	to	provide	
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a	 simple	 solution	 for	 growth	 of	 ternary	 InxGa1-xAs	 nanowires,	 another	 assumption	 of	𝐷!" 𝜆!" ≅ 𝐷!" 𝜆!"	is	made	to	simplify	the	overall	solution.		This	assumption	means	 that	 the	reverse	diffusion	 fluxes	 from	the	Au	alloy	particle	onto	 the	 nanowire	 sidewalls	 is	 the	 same	 for	 both	 group	 III	 species.	 In	 this	 case,	 the	composition	 is	 not	 influenced	 by	 the	 reverse	 diffusion	 fluxes	 from	 the	 Au	 alloy	 particle	[the  −𝑐!/𝑐!! 	terms	 in	 Eq.	 (6)]	 which	 brings	 the	 composition	 ratio	 into	 the	 following	equation:	
!!"!!" = !!"!!" !!!!!"!!!!!" .																																																																						(9)	It	 is	 noted	 that	 this	 solid	 composition	 could	 diverge	 from	 Eq.	 (9)	 due	 to	 (i)	 different	dimerization	 rates	 of	 InAs	 and	 GaAs	 pairs	 [neglected	 earlier	 in	 Eq.	 (4)]	 and	 (ii)	 different	sinks	 of	 In	 and	 Ga	 atoms	 in	 the	 Au	 alloy	 particle,	which	 are	 lumped	 together	 here	 in	 the	parameters	𝐷! 𝜆! 	for	k	=	Ga	and	In	as	per	the	additional	assumption	mentioned	earlier.		Solution	for	the	InxGa1-xAs	nanowire	axial	growth	rate	based	on	equations	(5-8)	is	obtained	in	the	form	of	
!"!" = !!!!! 2𝑉!";𝑦 = 1 + 𝐴 − 𝐵 ! + 4𝐴𝐵 − 1 + 𝐴 − 𝐵 	 	 	 (10)																																																																																									The	coefficients	are	given	by	
𝐴 =  !!!! ! exp !!"!! ;𝑅!! ≡ !!!"!"#!!" !!"!!!"!!"! !! !; 𝐵 = !!"!!!"!!" , 	 	 	 (11)	where  𝑉!" = 𝑉!" 1 + 𝜀 ;  𝑉!" = 𝑉!" 1 + 𝜆!" 𝑅! and	 𝑉!" = 𝑉!" 1 + 𝜆!" 𝑅! are	 the	 total	influx	of	As,	In	and	Ga	atoms	into	the	Au	alloy	particle,	respectively.		
6.3	 Relationship	between	the	model	and	the	experimental	results		To	 further	 enhance	 the	 understanding	 of	 Au-seeded	 InxGa1-xAs	 nanowires	 obtained	 in	 the	experimental	results,	the	model	derived	in	this	chapter	is	fitted	to	the	growth	trends.	Firstly,	the	 data	 for	 the	 composition	 and	 the	 growth	 rate	 were	 extracted	 from	 the	 experimental	work	done	in	chapter	5.	This	trend	provides	a	better	picture	of	the	growth	rate	and	InxGa1-
xAs	 nanowire	 composition	 evolution	 with	 the	 growth	 parameters	 such	 as	 the	 Au	 alloy	particle	size,	V/III	ratio	and	growth	temperature.	Note	that	only	the	results	from	the	single	growth	temperature	are	included	here	as	the	two-temperature	growths	may	require	further	
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refinement	of	the	model	as	it	may	involve	a	change	in	the	Au	alloy	phase	and	composition	as	mentioned	earlier	 in	chapter	4.	However,	 it	 is	believed	that	 the	model	can	be	expanded	to	accommodate	 the	 condition.	 This	 possibility	 is	 later	 on	 explained	 in	 section	 6.4	 of	 this	chapter.		Energy-dispersive	 x-ray	 (EDX)	 measurements	 were	 performed	 in	 scanning	transmission	electron	microscopy	(STEM)	mode	for	at	 least	3	nanowires	per	sample	along	the	 [110]	 or	 [1120]	 zone	 axis	 of	~100	nm	areas	 beneath	 the	Au	 alloy	particle.	 Figure	6.2	shows	 the	 typical	method	of	 extracting	 the	nanowire	 composition	with	 the	electron	beam	focused	on	 the	 top	area	of	 the	nanowire.	Careful	 consideration	 is	given	 to	ensure	 that	 the	electron	beam	is	not	in	the	area	right	below	the	Au	alloy	particle	where	axial	growth	could	have	occurred	during	cooling	down	and	to	avoid	radial	growth	contribution	(VS	growth	on	sidewall)	which	may	affect	the	main	composition	as	contributed	due	to	VLS	growth.	 It	has	been	 previously	 shown	 in	 chapters	 4	 and	 5,	 that	 the	 composition	 at	 the	 tip	 area	 mainly	represents	 the	 composition	 of	 the	 nanowire	 through	 VLS	 growth	 mode.	 The	 average	composition	 is	 then	 plotted	 against	 the	 growth	 parameters	 as	 shall	 be	 presented	 in	 the	following	sections.	
	
Figure	 6.2:	 a)	High-angle	 annular	 dark-field	 (HAADF)	 STEM	 image	 of	 a	 nanowire	 grown	with	 50	 nm	 Au	 alloy	 particle.	 The	 dotted	 line	 represents	 the	 region	 where	 EDX	measurements	are	taken.	b)	The	corresponding	composition	as	measured	by	EDX	in	(a).		 As	 for	 the	growth	rate,	 the	heights	of	 the	nanowires	are	measured	as	discussed	 in	chapter	 3	 on	more	 than	 20	 nanowires	 from	 scanning	 electron	microscopy	 (SEM)	 images.	Representative	SEM	images	have	been	previously	shown	in	chapter	4	for	these	nanowires.	The	 nanowire	 growth	 rates	 are	 then	 plotted	 against	 the	 growth	 parameters	 and	 are	discussed	together	with	the	model	fitting	in	the	following	section.		
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6.3.1		InxGa1-xAs	nanowire	composition		
	Firstly,	we	note	that	the	composition	of	the	ternary	solid	generally	differs	from	the	vapour	composition	 as	 previously	 discussed	 in	 chapter	 4.	 For	 example,	 while	 the	 given	 vapour	composition,	XV(In)	is	0.30,	the	nanowire	composition,	XIn	can	reach	up	to	0.65.	This	effect	has	also	been	previously	reported	in	other	ternary	nanowire	growths	[27]–[29].	To	explain	this,	we	 look	 into	Eq.	 (9)	and	discuss	 the	possible	 reasons	 that	may	allow	 for	such	occurrence.	From	the	equation,	the	nanowire	composition	in	our	model	can	be	different	from	the	vapour	composition	 for	 two	 reasons:	 (i)	 different	 diffusion	 lengths	 of	 In	 and	Ga	 adatoms	 and	 (ii)	different	cracking	efficiencies	of	TMIn	and	TMGa	at	the	growth	temperature.	We	recall	that	𝑉!" 𝑉!"	gives	 the	 ratio	 of	 the	 group	 III	 flux	 entering	 the	 Au	 alloy	 particle	 but	 not	 the	precursor	 fluxes	 impinging	 the	 Au	 alloy	 particle.	 Higher	 In	 composition	 in	 the	 nanowires	than	 in	vapour	requires	either 𝜆!" < 𝜆!"or	𝑉!" < 𝑉!".	The	 former	 inequality	 is	well	known	since	indium	is	a	faster	diffuser	than	gallium.	The	latter	inequality	is	supported,	e.g.,	by	the	data	 by	 Stringfellow	 [30]	 showing	 that	 TMIn	 is	 a	 low-temperature	 precursor	 while	 the	decomposition	of	TMGa	at	 the	solid	surface	starts	only	at	above	400	ºC	and	might	be	very	sensitive	to	the	group	V	 flux.	Hence	the	composition	of	 the	 InxGa1-xAs	alloy	 in	solid	will	be	affected	by	the	growth	conditions.	
6.3.1.1	InxGa1-xAs	nanowire	composition	and	growth	rate	versus	Au	seed	diameter			 Figure	 6.3	 shows	 the	 graph	 of	 the	 composition	 and	 the	 axial	 growth	 rate	 of	 the	InxGa1-xAs	 nanowire	 versus	 the	 Au	 alloy	 particle	 diameter	 at	 500	 ºC,	 V/III	 ratio	 =	 2.4	 and	Ga/In	 ratio	 =	 7/3	 in	 vapour.	 From	 Eq.	 (7),	 the	 In	 composition	 is	 expected	 to	 gradually	decrease	with	 the	Au	 alloy	particle	 size	due	 to	 lower	diffusion	 flux,	 and	 reach	 the	 vapour	composition	 at	𝑅 → ∞.	 From	Eqs.	 (10)	 and	 (11),	 the	 axial	 growth	 rate	must	 first	 increase	with	𝑅 as	𝑅!,	 then	 reaches	 a	 maximum	 and	 further	 decreases	 to	 a	 constant,	 as	 in	 most	growth	models	for	binary	nanowires	[10],	[18],	[24].	The	solid	lines	in	figure	6.3	show	the	fittings	 that	 are	 obtained	 with	 appropriate	 parameters.	 In	 particular,	 the	 best	 fits	 are	obtained	with	 zero	 Ga	 diffusion	 length	 on	 the	 sidewall	(𝜆!" = 0)	even	 at	 the	 lowest	 V/III	ratio	 of	 2.4.	Note	 that	 this	 diffusion	 length	 can	be	 affected	by	 the	 growth	parameters	 and	type	of	growth	method	due	to	the	reactor	pressure	and	the	way	precursors	crack	[7].	 	For	example,	in	MOCVD	the	diffusion	length	may	not	be	as	prominent	as	those	reported	in	other	methods	such	as	chemical	beam	epitaxy	and	molecular	beam	epitaxy	[7],	[31].			
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Since	the	best	fit	was	achieved	at	𝜆!" = 0,	this	indicates	that	Ga	incorporates	mainly	by	direct	impingement	while	In	have	additional	incorporation	via	migrations	of	In	to	the	Au	alloy	particle	from	the	nanowire	sidewalls.	The	model	fitting	shown	in	Fig.	6.3	are	obtained	at	𝜆!" = 0	,	𝜆!" = 57nm,	𝑅! = 7	nm	and	𝑅!" = 9	nm.	The	cracking	efficiencies	for	TMIn	and	TMGa	are	assumed	 to	be	equal	 to	one	at	500	 ºC	according	 to	Stringfellow	 [30]	 so	 that	 the	ratio	of	Ga	to	In	vapour	atomic	influxes,	𝑉!"/𝑉!" = 7/3	is	given	by	the	vapour	composition.	No	 re-emission	 of	 As	 is	 required	 to	 obtain	 the	 fits	 (𝜀 = 0)	 and	 thus	𝑉!" = 𝑉!" ,	𝑉!" =0.292×𝑉!"	and	𝑉!" = 0.125×𝑉!".	𝑉!" = 71	nm/min	are	used	for	the	overall	normalization	of	the	growth	rates.	
	
Figure	6.3:	Experimentally	determined	nanowire	composition	and	axial	growth	rate	versus	Au	alloy	particle	diameter	at	 fixed	T=500	 ºC,	V/III	 ratio	=	2.4	and	nominal	Ga/In	=	7/3	 in	vapour	(symbols),	fitted	by	the	expressions	used	in	the	model	(solid	lines).	The	dotted	lines	represent	𝑥!"	in	vapour.	
6.3.1.2	InxGa1-xAs	nanowire	composition	and	growth	rate	versus	nominal	V/III	ratio		
	
Figure	 6.4	 depicts	 the	 behaviour	 of	𝑑𝐿/𝑑𝑡 	and	𝑥!"with	 V/III	 ratio	 at	 a	 fixed	 growth	temperature	of	500	 ºC	and	Ga/In	ratio	=	7/3,	 for	30	nm	diameter	seed	particles.	From	Eq.	(9),	the	In	content	decreases	for	higher	V/III	ratios	due	to	a	lower	diffusivity	of	In	adatoms	[18],	 while	 the	 growth	 rate	 should	 feature	 a	 non-monotonic	 behaviour	 with	 V/III	 ratio.	Eventually,	 raising	 the	 V/III	 ratio	 has	 the	 same	 effect	 on	𝑑𝐿/𝑑𝑡	as	 increasing	 the	 Au	 seed	
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size.	 For	 low	 V/III	 ratios	 and	 small 𝑅! ,	 growth	 rate	 and	 composition	 are	 limited	 by	 As	transport	in	the	excess	of	group	III	atoms	(where	In	should	reach	very	high	concentrations	as	a	faster	diffuser).	As	the	Au	seed	size	or	V/III	ratio	increases,	VLS	growth	is	transformed	to	 a	 group-III	 limited	 transport	 regime	 such	 that	 the	 growth	 rate	 decreases	 with	𝑅!  and	V/III	 ratio	 and	 saturates	 to	 a	 constant.	 The	Ga	diffusivity	 is	 set	 to	 zero	 for	 all	 V/III	 ratios	(𝜆!" = 0)	as	we	find	that	it	is	the	best	fit	even	for	lowest	V/III	ratio	of	2.4	as	discussed	in	the	previous	section.	Hence,	only	the	suppression	of	 the	In	diffusivity	 for	higher	V/III	ratios	 is	taken	into	account.	For	that	purpose,	we	assume	that	the	diffusion	length	of	In	scales	with	the	As	flux	as	𝜆!" ∝ 1 𝑉!",	i.e.,	the	upward	path	of	In	adatoms	varies	inversely	proportional	to	the	V/III	flux	ratio.	
	
Figure	6.4:	Experimentally	determined	nanowire	composition	and	axial	growth	rate	versus	V/III	 ratio	 in	 vapour	 at	 fixed	T=500	 ºC,	 nominal	 Ga/In	 =	 7/3	 in	 vapour	 and	 2Rd	 =30	 nm	(symbols),	 fitted	 by	 the	 expressions	 used	 in	 the	 model	 (solid	 lines).	 The	 dotted	 lines	represent	𝑥!"	in	vapour.		
6.3.1.3	InxGa1-xAs	nanowire	composition	and	growth	rate	versus	nominal	growth	
temperature		
	Finally,	the	temperature	dependence	of	the	𝑑𝐿/𝑑𝑡	and 𝑥!"	should	be	non-monotonic.	At	low	temperatures,	the	cracking	efficiency	of	TMGa	and	the	diffusion	length	of	In	adatoms	tend	to	
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zero,	 which	 suppresses	 the	 axial	 growth	 rate,	 while	 at	 high	 temperatures	 VLS	 growth	 is	suppressed	 by	 the	 As	 desorption.	 The	 In	 content	 in	 solid	 should	 tend	 to	 unity	 at	 low	temperatures	due	to	the	low	cracking	efficiency	of	TMGa.	It	should	also	reach	a	high	value	at	elevated	temperatures	due	to	enhanced	thermally	activated	diffusion	of	In	adatoms.	These	trends	correspond	to	our	experimental	data,	as	shown	in	figure	6.5.	
	
Figure	 6.5:	 Nanowire	 composition	 and	 axial	 growth	 rate	 versus	 growth	 temperature	 at	fixed	V/III	ratio	=	2.4,	nominal	Ga/In	=	7/3	in	vapour	and	2Rd	=	30	nm,	(symbols),	fitted	by	the	expressions	used	in	the	model	(solid	lines).	The	dotted	lines	represent	𝑥!"	in	vapour.	
		 Fitting	 the	 temperature	 dependence	 of	𝑥!" 	and	𝑑𝐿/𝑑𝑡 	require	 some	 additional	parameters.	We	use	 the	Arrhenius	 temperature	dependence	of	 In	diffusion	 length	and	 the	coefficient	𝐴	in	 Eq.	 (11)	 in	 the	 form	𝜆!" ∝ exp(−𝑇! 𝑇)	and	𝐴 ∝ exp(−𝑇!"# 𝑇)	respectively,	assuming	that	 the	 temperature	dependence	of	𝐴 is	dominated	by	 the	enhanced	desorption	of	 As	 through	 	 𝜈!"!"# 	,	 with	 rather	 high	 values	 of	 the	 corresponding	 characteristic	temperatures	𝑇! = 6000 𝐾	and	𝑇!"# = 15000 𝐾.	 The	 observed	 decrease	 of	 the	 growth	 rate	toward	lower	temperatures	can	be	attributed	only	to	the	low	cracking	efficiency	of	TMGa	at	low	 temperatures.	 For	 the	 latter,	 we	 use	 the	 temperature	 dependence	 of	 Ref.	 [32]:	𝑉!" ∝ (1 2)[1 + tanh ((𝑇 − 𝑇!")/Δ𝑇!") 	with	 the	 characteristic	 temperature	 of	 TMGa	decomposition,	𝑇!"	around	480ºC	and	very	narrow	transition	width,	Δ𝑇!"	of	the	order	of	10	
ºC.	
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	 From	 these	 fittings	with	 a	plausible	 set	 of	 parameters	 of	 the	 experimental	 results,	the	model	is	capable	of	describing	all	the	observed	experimental	trends,	namely	the	growth	rate	 and	 composition	 versus	 the	 Au	 alloy	 particle	 diameter,	 V/III	 flow	 ratio	 and	temperature.	 Nonetheless,	 there	 is	 still	 a	 vast	 room	 to	 improve	 the	 model	 further	 to	understand	other	aspects	such	as	crystal	phase	and	radial	composition,	which	can	also	be	used	for	other	ternary	nanowires.		
6.4	Limitation	and	future	improvement	
6.4.1	Composition			Although	 in	 this	 chapter	 it	 was	 found	 that	 the	 simple	 model	 is	 able	 to	 fit	 the	 data	 and	subsequent	 explanations	 to	 the	 evolution	 of	 InxGa1-xAs	 nanowire	 composition,	 there	 are	other	 issues	 that	 can	 affect	 the	 final	 nanowire	 composition.	 For	 example,	 the	 solid	composition	could	diverge	 from	Eq.	 (9)	due	 to	 (i)	different	dimerization	rates	of	 InAs	and	GaAs	pairs	[this	was	neglected	earlier	in	Eq.	(2)]	and	(ii)	different	sinks	of	In	and	Ga	atoms	in	the	Au	alloy	particle	which	in	this	model	was	lumped	together	in	the	parameters	𝐷! 𝜆! 	for	k	=	Ga	and	In.	In	order	to	further	explore	the	possibility	of	how	these	could	affect	growth,	the	model	be	expanded	out	and	explored	to	see	how	they	affect	the	nanowire	composition.	The	 composition	 together	 with	 radial	 growth	 could	 also	 be	 modeled	 to	 provide	 a	 better	picture	on	how	to	control	the	composition	homogeneity	across	the	nanowire	cross-section.		
		
6.4.2	Radial	growth	
	As	 has	 been	 presented	 earlier	 in	 chapter	 1,	 the	 main	 challenge	 in	 growing	 ternary	nanowires	 is	 achieving	 composition	 homogeneity.	 Throughout	 chapters	 4	 and	 5,	 it	 was	shown	 that	 the	 inhomogeneity	 along	 the	 nanowire	 of	 Au-seeded	 InxGa1-xAs	 is	 due	 to	 the	simultaneous	radial	growth	via	VS	mode	while	the	nanowire	grows	axially	via	the	VLS	mode.	Although	this	model	takes	into	account	the	radial	growth,	it	has	not	been	fully	discussed	in	this	 chapter	 as	 it	 only	 focuses	 on	 axial	 growth	 rate	 and	 the	 composition	 of	 VLS	 grown	nanowires.	Thus,	 in	the	future	this	can	be	a	part	of	the	model	which	can	take	into	account	the	effect	of	radial	growth	on	different	facets	which	could	also	be	in	relation	with	the	crystal	phase	[33].		
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6.4.3	Crystal	phase	
	It	is	clear	that	the	crystal	phase	control	is	one	of	the	main	key	aspects	to	improve	the	quality	of	the	nanowires	[34]–[37].	This	has	been	previously	discussed	over	in	chapter	2	and	pure	phase	 InxGa1-xAs	 nanowires	 have	 been	 presented	 in	 chapters	 4	 and	 5.	 However,	 an	interesting	 finding	was	 also	 observed	 in	 chapter	 4	where	 the	 crystal	 phase	was	 found	 to	correlate	 with	 the	 composition.	 This	 is	 definitely	 something	 that	 still	 requires	 further	understanding	 in	 which	 a	 theoretical	 model	 could	 be	 beneficial.	 However	 due	 to	 the	complexity	of	the	quaternary	phase,	lack	of	knowledge	about	certain	parameters	such	as	the	chemical	 potentials	 and	 surface	 energies	 and	 certain	 assumptions	 such	 as	 the	 change	 in	composition	 of	 Au	 alloy	 particle	 with	 growth	 parameters	 cannot	 be	 simplified	 [14],	 [38].	Hence,	 it	 requires	 more	 knowledge	 of	 these	 parameters	 or	 otherwise	 they	 have	 to	 be	derived	from	the	existing	knowledge	of	binary	systems.		
6.5	Conclusions	
	 	In	summary,	a	simple	model	is	established	to	explain	the	observed	trends	and	in	particular	to	 identifying	 the	 difference	 between	 the	 nanowire	 and	 precursor	 vapour	 compositions	found	 in	 the	 experimental	 results.	 It	 is	 found	 that	 the	 small	 diameter	 and	 low	V/III	 ratio	result	 in	 VLS	 growths	 proceeding	 in	 the	 As-limited	 regime	 while	 for	 larger	 diameter	nanowires	at	higher	V/III	ratios	growth	is	governed	by	group	III	transport.	In	content	in	the	nanowires	 is	 noticeably	 larger	 than	 that	 in	 the	 vapour.	This	 effect	 is	 explained	by	high	 In	diffusivity	 at	 higher	 temperatures	 and	 low	 cracking	 efficiency	 of	 TMGa	 at	 lower	temperatures.	InxGa1-xAs	nanowire	growth	is	most	uniform	when	axial	growth	is	maximized	and	radial	growth	is	 limited	as	presented	in	chapter	5.	This	condition	is	predicted	to	be	in	the	 As-limited	 regime	 by	 the	 model.	 	 However,	 the	 composition	 is	 far	 from	 the	 vapour	composition.	 Nonetheless,	 we	 believe	 composition	 tunability	 can	 be	 achieved	 with	 high	uniformity	by	simply	tuning	the	In/Ga	in	vapour	in	this	regime.			 Further	 studies	 should	 include	 inhomogeneity	 of	 the	 composition	 along	 the	nanowires	 length	and	cross-section.	 In	particular,	 the	 In-rich	shell	can	be	observed	due	 to	VS	radial	growth	on	the	sidewalls	where	there	are	more	In	adatoms	due	to	better	cracking	efficiency	 and/or	 surface	 diffusion	 length	 of	 In	 with	 respect	 to	 Ga	 as	 presented	 in	 the	
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previous	 chapters.	The	model	 can	be	 extended	 to	 further	understand	how	 to	 gain	 control	over	 the	 composition	 homogeneity	 and	 crystal	 phase.	 Nonetheless,	 the	 results	 and	theoretical	 understanding	 presented	 in	 this	 chapter	 has	 shed	 more	 light	 on	 the	 complex	growth	 phenomena	 in	 Au-seeded	 ternary	 III-V	 nanowires	 and	 allows	 for	 a	 better	 control	over	the	nanowire	composition	by	tuning	their	size	and	the	growth	parameters.																									
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Chapter	7	
Bandgap	tunability	of	InGaAs/InGaP	nanowire	core-shell	heterostructures	 		
Overview		This	 chapter	 discusses	 the	 growth	 and	 characteristics	 of	 InGaAs/InGaP	 core-shell	heterostructures.	 While	 nanowire	 core	 growth	 and	 wurtzite	 (WZ)	 InGaAs/InP	 core-shell	structure	 has	 been	 presented	 in	 chapter	 5,	 this	 chapter	 aims	 at	 further	 tuning	 the	wavelength	 emission	 of	 the	 InGaAs	 core	 by	 incorporating	 an	 InGaP	 shell	 which	 causes	 a	larger	compressive	strain	on	the	core	as	compared	to	InP	shell.	The	chapter	first	discusses	the	growth	aspect	of	 the	core-shell	 structure,	which	 include	a	concomitant	 study	of	 InGaP	shell	growth	on	WZ	phase	InGaAs	and	zinc-blende	(ZB)	InGaAs	nanowires.		Then,	the	optical	properties	 of	 the	 heterostructures	 are	 presented	 which	 shows	 promising	 emission	wavelength	tunability	with	shell	thickness.				
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7.1	 Introduction	
	Core-shell	nanowire	structures	have	been	the	subject	of	intense	research	over	the	past	few	decades	[1],	[2].	Nanowire	shape	and	the	feasibility	of	material	integration	makes	them	one	of	 the	most	 promising	 heterojunctions	 as	 the	 building	 blocks	 of	 semiconductor	 nanoscale	devices.	 In	 particular,	 core-shell	 structures	 have	 been	 well	 known	 for	 their	 passivating	effect,	which	reduces	the	high	non-radiative	surface	recombination	rate	at	surface	states.	It	has	been	shown	that	 the	nanowire	PL	efficiency	 is	significantly	enhanced	with	passivating	shell	[3]–[7].	Furthermore,	core-shell	structure	also	reduces	charge	carrier	scattering	at	the	nanowire	 surface	 [8].	 Due	 to	 these	 advantages,	 core-shell	 structures	 have	 been	 used	 to	demonstrate	nanowire	light	emitting	diodes	and	lasers	[9]–[13].	As	 earlier	 discussed	 in	 chapter	 2.2,	 the	 band	 gap	 of	 a	 semiconductor	may	 change	when	strain	is	applied.	Applied	mechanical	strain	and	strained	core-shell	structure	has	been	reported	 to	 provide	 wavelength	 emission	 tunability	 [4],	 [14],	 [15].	 For	 example,	 it	 was	shown	that	the	bandgap	of	GaAs/InGaP	core	shell	structure	could	be	tuned	within	240	meV	[15]	 and	GaAs/GaP	 core-shell	 nanowires	 show	 about	 260	meV	 blueshifted	 emission	 from	the	unstrained	GaAs/AlGaAs	nanowires	[16].		Although	 InGaAs	 emission	 wavelength	 can	 be	 tuned	 by	 simply	 tuning	 the	composition,	this	chapter	focuses	on	exploring	the	possibility	of	tuning	by	applying	strain	to	the	core	with	a	lattice-mismatched	shell.	The	aim	is	to	explore	the	growth	and	the	structural	properties	 of	 InGaAs/InGaP	 nanowire	 core-shell	 heterostuctures	 and	 to	 demonstrate	 the	emission	wavelength	tunability	of	 the	core	with	 the	growth	of	 lattice-mismatched	shell.	 In	particular,	 InGaP,	 another	 ternary	 alloy	 that	 can	 be	 compositionally	 tuned	 to	 provide	different	strain	onto	the	core	InGaAs	nanowire	is	chosen	for	the	study.	The	growth	aspect	of	this	heterostructure	is	indeed	challenging	and	present	several	key	issues	such	as	formation	of	 stacking	 faults	during	shell	growth,	 concomitant	axial	growth	and	 thickness	uniformity.	Nonetheless,	 InGaAs/InGaP	 with	 different	 shell	 thicknesses	 show	 emission	 wavelength	tunability,	which	could	be	of	interest	for	future	optoelectronic	device	development.					
7.2	 Experimental	method			Nanowire	growth	was	carried	out	on	GaAs	(111)B	substrates	and	the	core	nanowire	growth	was	carried	out	at	a	growth	temperature	of	500	°C	and	V/III	ratio	of	2.4.	The	molar	flows	of	
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TMIn	and	TMGa	were	at	3.9	×	10−6	and	9.2	×	10−6	mol.min−1,	respectively.	The	growth	time	for	the	nanowire	core	was	45	minutes.	The	InGaAs	core	nanowires	were	seeded	by	30	and	50	nm	Au	 seed	particles	which	 results	 in	 a	WZ	and	ZB	 InGaAs	nanowires,	 respectively	 as	previously	presented	in	chapter	5.	The	WZ	nanowires	obtained	from	the	30	nm	Au	particle	are	almost	defect-free.	On	the	other	hand,	the	50	nm	Au	seeded	ZB	nanowires	are	defective	with	 small	 segments	 of	WZ	phase.	Note	 that	 two	of	 these	 samples	 are	 chosen	despite	 the	defective	phase	of	the	ZB	phase	sample	to	explore	the	shell	growth	in	general	and	to	realize	the	possibility	 of	 tuning	 the	wavelength.	As	previously	presented	 in	 chapter	5,	 nanowires	grown	with	the	growth	parameters	used	here	should	allow	the	nanowire	core	composition	to	be	uniform	with	In	content,	XIn	in	the	solid	nanowire	between	0.50	–	0.65.			After	 the	 core	 growth,	 the	 temperature	 was	 ramped	 up	 to	 a	 shell	 growth	temperature	 of	 550	 ºC.	 The	 temperature	 was	 stabilized	 for	 2	 minutes	 in	 AsH3	 prior	 to	introducing	TMIn,	TMGa	and	PH3	for	InGaP	shell	growth.	The	TMIn	and	TMGa	total	flow	was	1.30	x	10-5	mol.min−1	with	Xv(In),	TMIn/TMIn+TMGa	=	0.50	and	PH33	 flow	was	2.23	 	x	10-5	mol.min−1	 corresponding	 to	 a	 V/III	 ratio	 of	 165.	 Three	 different	 InGaP	 shell	 thicknesses	corresponding	to	the	growth	time	of	3:20,	8:00	and	40:00	were	investigated.	The	nanowire	morphology	and	structural	properties	were	characterized	using	field-emission	 scanning	 electron	 microscopy	 (FESEM)	 and	 transmission	 electron	 microscopy	(TEM).	 Further	 composition	 analysis	 of	 the	 nanowire	 was	 carried	 out	 with	 energy-dispersive	X-ray	(EDX)	spectroscopy	in	scanning	transmission	electron	microscopy	(STEM)	mode.	 Quantitative	 EDX	 measurements	 and	 the	 cross-section	 samples	 fabrication	 were	carried	out	as	described	earlier	 in	chapter	3.	Photoluminescence	on	single	nanowires	was	carried	out	at	room	temperature	using	the	µ-PL	setup	presented	in	chapter	3.6.2	using	633	nm	continuous	wave	HeNe	laser	with	a	spot	size	of	~1	μm2	and	an	excitation	power	of	30	μW.	PL	was	detected	using	nitrogen-cooled	InGaAs	array	detector.		
7.3	 Morphology	and	structural	properties	of	WZ	and	ZB	phase	
InGaAs/InGaP	core-shell	heterostructures		 	Shell	growth	on	both	type	of	crystal	phase	InGaAs	nanowire	cores	was	studied	as	a	function	of	 shell	 growth	 time.	 The	 following	 section	 details	 the	 morphology	 and	 the	 structural	properties	of	these	nanowires.		
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7.3.1	Morphology	and	structural	properties	of	WZ	InGaAs/InGaP	core-
shell	heterostructures		Figure	7.1	(a-d)	shows	the	SEM	images	for	WZ	phase	InGaAs	nanowire	with	no	shell,	3:20,	8:00	 and	 40:00	 of	 InGaP	 shell	 growth	 time.	 It	 is	 found	 that	 the	 length	 of	 the	 nanowire	 is	slightly	 reduced	which	 could	 be	 due	 to	 the	 decomposition	 of	 the	 InGaAs	 core	 during	 the	temperature	ramp	up	and	at	high	temperature.	Decomposition	of	WZ	InAs	was	previously	reported	during	InP	shell	growth	at	500	°C	[17].	Similar	reverse	growth	mechanism	has	also	been	 observed	 during	 annealing	 of	 GaAs	 nanowires	 which	 has	 been	 attributed	 to	 the	negative	growth	mechanism	[18].		
	
Figure	7.1:	45°-tilted	FESEM	images	of	30	nm-	seeded	InGaAs	nanowires	a)	core-only	InGaAs	nanowires	b-d)	with	InGaP	shell	grown	for	3:20,	8:00	and	40:00,respectively.	The	inset	in	b)	and	c)	shows	the	change	in	facet	visible	along	the	nanowire.	Scale	bars	represent	1	µm.		 The	 overall	 nanowire	 diameter	 is	 observed	 to	 be	 quite	 uniform	 for	 samples	 with	shell	growth	time	of	3:20	and	8:00.	However,	as	the	shell	continues	to	grow	for	longer	time,	the	 thickness	variation	among	nanowires	 is	more	visible.	The	 shell	 thickness	 is	measured	from	 the	 SEM	 images	 for	 about	25	nanowires	per	 sample.	By	 taking	 the	 total	 diameter	 at	mid-length	and	subtracting	it	to	the	average	core	diameter	(34	nm),	the	shell	thickness	can	
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be	quantified.	Table	7.1	 lists	 the	average	shell	 thickness	and	their	standard	deviation	(SD)	among	the	25	nanowires	measured.		
	
Table	 7.1:	Dependence	of	 InGaP	shell	 thicknesses	with	growth	 time	 for	30	nm	Au-seeded	WZ	nanowires.	
Shell	growth	time		 Average	shell	
thickness	(nm)	
Standard	Deviation	
(SD)	
3:20	 11.2	 2.6	
8:00	 18.2	 4.9	
40:00	 63.4	 9.3		 It	can	be	seen	from	the	average	thickness,	the	radial	growth	is	nonlinear	with	time	and	 the	 standard	 deviation	 is	 highest	 for	 the	 longest	 shell	 growth	 time	 confirming	 the	inhomogeneity	 of	 shell	 growth	 as	 growth	 time	 increases.	 For	 further	 evaluation	 of	 the	structural	properties	of	this	nanowire,	TEM	and	EDX	analysis	were	carried	out	on	selected	nanowires	from	each	shell	thickness.	The	 TEM	 image	 and	 the	 high-resolution	 TEM	 (HRTEM)	 for	 the	 sample	 with	 the	thinnest	 shell	 (3:20	 growth	 time)	 are	 shown	 in	 figure	 7.2.	 From	 the	 TEM	 image,	 the	nanowire	is	observed	to	be	slightly	protruding	in	the	middle.	Higher	magnification	HRTEM	image	 	 and	 selective-area	 electron	 diffraction	 (SAED)	 pattern	 of	 this	 nanowire	 shown	 in	figure	7.2	b)	and	c)	 indicating	 that	 the	shell	 is	WZ	phase	as	expected	due	 to	 the	nature	of	crystal	 phase	 transfer	 [19].	However,	 several	 stacking	 faults	 are	 observed	 as	 indicated	by	the	arrows.	The	stacking	fault	formation	could	have	already	been	formed	in	the	core	growth	or	 initiated	during	 the	 annealing	process	or	due	 to	 the	 strain	 caused	by	deposition	of	 the	InGaP	shell	at	higher	growth	temperature.	Stacking	fault	formation	has	been	reported	to	be	induced	by	thermal	cracking	of	the	shell	even	in	lattice-matched	core-shell	structure	[20].							
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Figure	7.2:	a)	TEM	image	of	30	nm-seeded	InGaAs	with	3:20	growth	time	of	InGaP	shell.	b-c)	high	 resolution	 images	of	 the	nanowire	 taken	 from	 the	middle	 area	of	 the	nanowire	as	represented	by	the	red	box	in	a).	The	image	is	false-tinted	in	red	and	green	to	enhance	the	visibility	of	the	core	and	shell	sections.	c)	A	higher	magnification	HRTEM	image	of	the	same	nanowire	 showing	 the	 left	 hand	 side	 of	 the	 nanowire	 with	 uneven	 shell	 growth	 and	 few	stacking	faults.	The	inset	is	the	SAED	pattern	taken	from	the	same	area.	d)	EDX	spot	analysis	along	the	nnaowire	length	showing	a	slight	inhomogeneity	along	the	nanowire	length	with	higher	P	signal	around	the	middle	area.			The	shell	was	observed	 to	be	slightly	 thinner	on	 the	 left	hand	side	of	 the	 image	 in	figure	7.2	b)	with	a	thickness	of	around	5	nm.	The	right	hand	side	shows	a	shell	thickness	of	about	8	nm	which	is	closer	to	the	average	value	as	quantified	from	the	SEM	image	in	Table	7.1.	The	difference	in	the	shell	thickness	on	both	sides	can	be	attributed	to	the	difference	in	the	shell	growth	rate	on	the	different	polar	{112}	facets	[21],	[22].	The	change	of	facet	can	be	observed	from	the	inset	SEM	images	in	figure	7.1.		To	 further	 investigate	 shell	 growth	 evolution,	 TEM	 and	 EDX	 results	 on	 nanowire	grown	 with	 shell	 growth	 time	 of	 8:00	 are	 shown	 in	 figure	 7.3	 a-d.	 From	 the	 low	magnification	of	 the	whole	nanowire	 in	 figure	7.3	 a),	 the	nanowire	morphology	 along	 the	axial	direction	shows	inverse	tapering	with	uneven	sidewall.	The	tip	area	of	the	nanowire	is	observed	to	be	enlarged	in	comparison	to	the	rest	of	the	nanowire.	HRTEM	image	in	figure	7.3	b)	shows	that	a	higher	amount	of	stacking	faults	is	present	in	this	region.	However,	pure	ZB	phase	is	found	directy	underneath	the	Au	alloy	particle	in	contrast	with	the	phase	of	the	
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rest	of	the	nanowire	body.	Further	analysis	with	EDX	composition	mapping	shows	that	this	segment	including	the	region	of	high	density	stacking	faults	directly	underneath	consists	of	InGaP.	The	 initial	 high	density	 stacking	 faults	 could	be	 the	 region	where	 instability	 of	 the	chemical	 potential	 occurs	 while	 the	 Au	 alloy	 particle	 is	 transitioning	 with	 the	 change	 in	vapour	surrounding	it.	Once	the	Au	alloy	particle	reaches	a	stable	condition,	ZB	phase	InGaP	starts	 to	 grow.	 Similar	 occurrence	 in	 formation	of	 heterointerfaces	has	been	observed	 for	Au-seeded	axial	heterostructrues	[23]–[25].	An	overlay	image	of	the	P	and	As	map	is	shown	in	figure	7.3	c).	
	
Figure	7.3:	a)	Low	magnification	TEM	image	of	the	whole	nanowire	for	the	30	nm-seeded	sample	 with	 a	 shell	 growth	 time	 of	 8:00.	 b)	 HRTEM	 image	 of	 the	 tip	 area	 below	 the	 Au	particle.	c)	Overlay	of	P	and	As	composition	maps	of	the	tip	area	of	the	nanowire.	D)	HRTEM	image	of	the	mid-length	area	with	the	SAED	pattern.			HRTEM	and	SAED	at	the	middle	region	of	the	nanowire	show	that	it	is	WZ	phase	and	contains	 several	 stacking	 faults	which	 is	 similar	 to	 the	 one	 grown	with	 thinner	 shell.	 The	thickness	of	 the	shell	 is	about	16	nm,	close	to	the	value	quantified	 from	the	SEM	image	as	ealier	listed	in	Table	7.1.	The	shell	 is	not	as	imbalanced	on	the	left	and	right	hand	sides	as	previously	shown	for	the	sample	with	thinner	shell	which	can	be	attributed	to	the	change	of	facets	[21].		To	evaluate	the	details	of	the	shell	growth	on	the	side	facets,	a	cross-sectional	view	is	 essential.	 Figure	 7.4	 shows	 two	 typical	 cross-sections	 taken	 from	 the	 first	 1	 µm	 of	 a	
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nanowire	grown	with	shell	growth	time	of	8:00.	The	first	type	of	cross-section	is	shown	in	figure	7.4	a-e).	The	HAADF	image	in	figure	7.4	b)	shows	a	higher	contrast	of	the	core–shell	structure.	This	 cross-section	 shows	 that	 the	 facet	of	 the	 shell	 is	 growing	 in	parallel	 to	 the	core	side	facet.	Since	this	is	the	WZ	phase,	we	refer	to	the	facets	as	the	{1-100}	facets.		Such	structure	 should	show	a	balanced	growth	rate	on	both	 the	 left	 and	right	hand	sides	 if	 the	nanowire	 is	 viewed	 from	 the	 <11-20>	 zone	 axis	 such	 as	 the	 one	 shown	 in	 figure	 7.3	 d).		Another	type	of	cross-section	is	shown	in	figures	7.4	e-g).	The	core	can	be	observed	to	have	a	 symmetrical	 hexagonal	 shape	 but	 the	 shell	 is	 multifaceted	 with	 an	 overall	 truncated	triangular	shape.	This	cross-section	indicates	that	the	growth	rate	is	different	on	the	{112}	polar	 facets	 with	 higher	 growth	 rate	 on	 one	 polar	 facet	 than	 the	 other.	 The	 <11-20>	 or	equivalent	to	<110>	view	of	the	nanowire	with	imbalanced	shell	as	previously	discussed	for	the	thinner	shell	shown	by	figure	7.2	c)	can	be	represented	by	this	cross-section	although	in	that	 case	 the	 shell	 was	 thinner.	 This	 kind	 of	 transition	 has	 been	 observed	 in	 growth	 of	GaP/GaAs	core-shell	 structure	with	mixed	phase	ZB	and	WZ	domains	 [21].	The	 triangular	shape	is	believed	to	be	the	initial	stage	of	the	shell	growth	where	it	later	forms	a	more	stable	facets	with	hexagonal	 {112}	equivalent	 to	 {1-100}	side	 facets.	Such	 transformation	 from	a	tringular	shape	to	hexagonal	shape	has	been	observed	in	Au-seeded	GaAs	nanowires	[26].	From	 the	 cross-sectional	 view,	 the	 composition	 of	 the	 core	 and	 the	 shell	 was	measured	by	EDX	spot	analysis.	The	composition	for	the	core	and	the	shell	is	measured	by	EDX	map	by	combining	intensities	within	the	area	of	the	core	and	the	shell	respectively.	The	results	indicate	that	the	core	is	In0.60Ga0.4As	and	the	shell	is	In0.60Ga0.40As	with	0.04	random	errors	as	previously	discussed	in	chapter	3.	The	difference	in	the	In	content	from	the	core	and	the	shell	is	very	little	showing	little	to	no	variation	across	the	whole	cross-section	as	can	be	 observed	 in	 the	 In	 and	 Ga	 overlay	map	 in	 figure	 7.4	 c).	 From	 these	 compositions,	 the	lattice	mismatch	for	this	sample	of	In0.60Ga0.40As/	In0.60Ga0.40As		is	about	3.3%.				
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Figure	7.4:	a)	HRTEM	cross-sectional	image	from	the	first	1	µm	from	the	base	of		a	30	nm	Au-seeded	nanowire	grown	with	InGaP	shell	growth	time	of	8:00.	Both	the	core	and	shell	show	a	hexagonal	structure.	b-d)	HAADF	image	and	compositional	maps	of	In,	Ga,	As	and	P.	e)	HRTEM	cross-sectional	image	from	a	different	region	of	the	same	sample.	A	truncated	triangle-like	cross-section	is	observed	with	hexagonal	core.	b-d)	HAADF	image	and	compositional	maps	of	As	and	P.		 Finally,	 the	evolution	of	shell	growth	 is	 further	portrayed	by	 the	sample	with	shell	growth	 time	 of	 40:00.	 Figure	 7.5	 a)	 shows	 the	 low	 magnification	 TEM	 of	 this	 nanowire	where	 inverse	 tapering	as	previously	observed	 for	 the	 shell	 growth	 time	of	8:00	 could	be	observed.	The	tip	area	of	the	nanowire	shows	about	200	nm	of	pure	ZB	InGaP	axial	growth	as	represented	by	the	HRTEM	image	in	figure	7.5	b).	The	shell	is	about	68	nm	in	thickness	as	shown	by	the	HRTEM	image	in	figure	7.5	c)	and	the	EDX	spot	analysis	across	the	nanowire	in	figure	7.5	d).		The	SAED	pattern	in	the	inset	of	figure	7.5	c)	shows	that	the	crystal	phase	is	predominantly	WZ	with	 light	 streaking	 in	 between	 the	 spots	 indicating	 a	 high	 density	 of	planar	defects.	This	can	be	clearly	observed	in	the	HRTEM	image	where	the	stacking	faults	are	indicated	by	the	arrows.	With	higher	strain	due	to	the	thicker	shell,	these	stacking	faults	could	be	 induced	by	 the	 strain.	 	An	EDX	 spot	 analysis	 along	 the	nanowire	 in	 figure	7.5	 e)	shows	 that	 P	 signal	 increases	 in	 the	 axial	 growth	 direction	 with	 the	 highest	 P	 signal	observed	at	the	tip	where	InGaP	axial	growth	is	observed.	This	clearly	indicates	that	there	is	significant	 concomitant	axial	growth	and	 there	 is	a	 clear	gradient	of	 InGaP	shell	 thickness	
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where	the	thickness	is	larger	at	the	tip.	This	can	be	attributed	to	preferable	nucleation	sites	which	is	mostly	at	the	tip	due	to	the	formation	of	stacking	faults	during	the	formation	of	the	first	InGaP	segment	as	previously	discussed	for	the	8:00	minute	shell	growth	time	sample.		Enhanced	nucleation	sites	with	stacking	faults	has	been	observed	in	many	reports	[17],	[27],	[28].	 In	particular,	 step	 formation	 from	 the	 stacking	 faults	has	been	observed	 in	 InAs/InP	core-shell	nanowires	 [17].	Therefore,	 in	our	 case,	 the	 initial	 stacking	 faults	 formed	during	the	 first	 InGaP	 segment	 could	 be	 the	 initial	 step	where	 radial	 growth	 starts	 to	 form	 and	continues	to	grow	thus	causing	the	nanowire	to	have	inverse	tapering	morphology.	
	
Figure	 7.5:	 a)	 Low	magnification	 TEM	 image	 of	 the	 30	 nm	 Au-seeded	 InGaAs	 nanowire	grown	with	40:00	growth	time	of	InGaP	shell.	b)	HRTEM	image	of	the	tip	area	below	the	Au	particle	c)	HRTEM	image	from	the	section	of	the	nanowire	as	indicated	by	the	red	box	in	a).	The	inset	is	the	diffraction	pattern	taken	from	the	same	area.	d-e)	EDX	spot	analysis	of	the	nanowire	 across	 the	 radial	 and	 axial	 direction,	 respectively.	 The	 HAADF	 image	 for	 the	nanowire	is	shown	on	top	of	e)	with	arrows	indicating	the	top	interface	of	the	core.					
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7.3.2	Morphology	and	structural	properties	of	ZB	InGaAs/InGaP	core-
shell	heterostructures		The	evaluation	of	the	50	nm	Au-seeded	InGaAs/InGaP	nanowires	with	defective	ZB	phase	is	carried	 out	 using	 similar	methods	 previously	 described	 for	 the	 30	 nm	 Au-seeded	 InGaAs	nanowires.	The	growth	evolution	of	 the	shell	with	 the	growth	time	 is	depicted	 in	 the	SEM	image	in	figure	7.6.	The	original	core	InGaAs	nanowires	are	slightly	tapered	with	a	diameter	of	about	140	nm	at	the	base	and	80	nm	at	the	tip.	The	shell	thickness	is	measured	at	mid-length	of	the	nanowires	by	subtracting	the	core	diameter	at	mid-length	(92.4	nm)	from	the	total	 diameter.	 	 The	 average	 shell	 thickness	 and	 their	 standard	 deviation	 among	 the	 25	nanowires	measured	are	listed	in	Table	7.2.	
	
Figure	7.6:	45°-tilted	FESEM	images	of	50	nm	Au-seeded	a)	core-only	InGaAs	nanowire	b-d)	InGaAs/InGaP	 nanowires	 grown	 with	 3:20,	 8:00	 and	 40:00	 InGaP	 shell	 growth	 time,	respectively.	Scale	bars	represent	1	µm.		
Table	7.2:	Dependence	of	InGaP	shell	thicknesses	with	growth	time	for	50	nm	Au-seeded	ZB	nanowires.	
Shell	growth	time		 Average	shell	
thickness	(nm)	
Standard	Deviation	
(SD)	
3:20	 9.9	 7.56	
8:00	 22.3	 7.1	
40:00	 71.2	 13.1	
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As	 can	 be	 observed	 from	 the	 average	 thickness	 and	 the	 standard	 deviation,	 the	thickness	is	much	higher	for	this	set	of	samples	compared	to	the	30	nm	Au-seeded	samples	discussed	earlier.	This	 could	be	due	 to	 the	higher	nucleation	 rate	on	 the	sidewall	of	 these	defective	ZB	structures.	To	get	more	accurate	thickness	of	the	shell	and	to	gain	more	insight	on	the	shell	growth	on	the	structure,	TEM	analyses	are	performed.	Figure	7.7	a)	shows	the	low	magnification	TEM	 image	 of	 a	 sample	with	 8:00	minute	 shell	 growth	 time	where	 the	defective	nature	of	the	nanowire	could	be	clearly	seen.	SAED	pattern	of	the	nanowire	shown	in	the	inset	of	figure	7.7	a)	indicates	that	the	nanowire	is	predominantly	ZB	with	twins	and	some	WZ	 phase.	 	 Figure	 7.7	 b)	 shows	 an	 EDX	map	 of	 As	 and	 P	 signals	 which	 indicate	 a	relatively	 uniform	 shell	 thickness	 along	 the	 nanowire	 length.	 Further	 EDX	 spot	 analysis	across	 the	 structure	 shown	 in	 figure	 7.7	 d)	 of	 the	 corresponding	 HAADF	 image	 in	 7.7	 c)	shows	that	the	nanowire	has	a	shell	thickness	of	about	20-22	nm	which	agrees	well	with	the	average	thickness	listed	in	Table	7.2.		
	
Figure	 7.7:	 a)	 Low	magnification	TEM	 image	 of	 50	 nm	Au-seeded	 InGaAs	 nanowire	with	8:00	 growth	 time	of	 InGaP	 shell.	 The	 inset	 is	 the	 SAED	pattern	 taken	 from	 the	 first	 1	µm	from	the	tip.	b)	Overlay	composition	map	of	As	and	P	signals.	c)	HAADF	image	of	the	tip	area	of	the	nanowire.	d)	EDX	spot	analysis	across	the	nanowire	as	shown	in	c).	e)	Cross-section	view	 of	 the	 nanowire	 taken	 from	 the	 first	 1	 µm	 from	 the	 base.	 The	 inset	 is	 the	 SAED	corresponding	to	the	whole	cross-section.	f-h)	HAADF	and	compositional	maps	of	the	cross-section.		
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A	 cross-section	 view	of	 the	 sample	 from	 the	 first	 1	 µm	 from	 the	nanowire	base	 is	shown	in	figure	7.7	e).	The	cross-section	shows	that	the	core	facets	are	rough	contributing	to	 larger	variation	 in	 the	shell	 thickness.	The	shell	 thickness	as	measured	 from	this	cross-section	 is	 about	 21	 ±	 4.4	 nm	which	 is	within	 the	 range	 of	 the	 average	 thickness	 listed	 in	Table	7.2.	The	HAADF	and	the	composition	maps	shown	in	figure	7.7	f-h)	clearly	identify	the	core	and	shell	region	of	the	sample.	The	In	and	Ga	overlay	map	in	figure	7.7	g)	shows	that	the	In	composition	is	higher	in	the	shell	than	the	core.	The	composition	as	measured	by	EDX	shows	that	the	core	is	In0.55Ga0.45As	and	the	shell	is	In0.60Ga0.40As.	From	these	compositions,	the	lattice	mismatch	for	this	sample	of	In0.55Ga0.45As/	In0.60Ga0.40As		is	about	3%.	
7.4	 Optical	properties	of	InGaAs/InGaP	core-shell	
heterostructures		To	investigate	the	optical	properties	of	these	nanowires,	PL	measurements	were	carried	out	on	single	nanowires.	About	15-20	single	nanowires	from	each	sample	were	measured.	More	than	half	(10-12)	of	 these	nanowires	emit	at	 the	wavelength	as	presented	in	the	following	sections.	The	rest	of	the	nanowires	show	no	emission	or	very	low	intensity	emission.			
7.4.1	Photoluminescence	of	WZ	In0.60Ga0.40As/In0.60Ga0.40P	core-shell	
heterostructures		Figure	7.8	shows	the	typical	PL	spectra	taken	from	the	middle	of	a	single	nanowire	for	the	InGaAs/InGaP	 core-shell	 nanowire	with	 shell	 growth	 time	 of	 8:00	 and	 40:00.	 The	 sample	with	 shell	 growth	 time	 of	 3:20	 shows	 no	 reliable	 peak	within	 the	 detection	 range	 of	 the	InGaAs	detector.	Hence	only	these	two	spectra	are	discussed.		
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Figure	7.8:	Normalized	PL	spectra	of	30	nm	Au-seeded	WZ	phase	In0.60Ga0.40As/In0.60Ga0.40P	nanowires	 with	 shell	 growth	 time	 of	 8:00	 and	 40:00	 (18	 nm	 and	 63	 nm	 shell	 thickness,	respectively).	No	peak	is	obtained	for	sample	with	shell	growth	time	of	3:20.		 	The	main	peak	position	for	the	sample	with	shell	growth	time	of	8:00	is	around	1420	nm	 (0.87	 eV).	The	main	peak	 is	 attributed	 to	 the	 strained	 In0.60Ga0.40As	 core	which	 shows	about	400	nm	(190	meV)	shift	 from	the	ZB	phase	of	unstrained	In0.60Ga0.40As	(1820	nm	or	0.68	eV).	A	shoulder	peak	on	the	lower	wavelength	side	of	the	main	peak	can	be	attributed	to	 the	 inhomogeneity	 in	 the	 shell	 thickness	 along	 the	 sample	 as	 observed	 by	 the	 TEM.	Variation	of	shell	composition	can	also	contribute	to	the	shoulder	peak.		Further	 shift	 is	 observed	with	 thicker	 shell	 grown	 for	 40:00	 revealing	 a	 PL	 peak	around	 1260	 nm	 (0.98	 eV).	 The	 shift	 is	 about	 560	 nm	 (300	 meV)	 from	 the	 ZB	 phase	unstrained	 In0.60Ga0.40As.	 The	 exact	 shift	 could	 be	 less,	 as	 the	WZ	phase	 is	 known	 to	 have	higher	bandgap.	In	fact,	the	shift	for	a	WZ	phase	has	been	shown	to	be	in	the	order	of	30-55	meV	 from	 their	 ZB	 counterpart	 for	 InGaAs	 [29],	 [30].	Nonetheless,	 shift	 due	 to	 strain	 has	been	 reported	 to	 exceed	 100	meV	 in	 InAs/InAsP	 core-shell	 nanowires	 even	 for	 very	 thin	shell	 (~3	nm)	and	 low	content	P	 (~0.3	 contributing	 to	about	0.9	%	 lattice	mismatch)	 [3].	Therefore	in	the	case	of	a	lattice-mismatch	of	about	3.3%	in	our	case	it	is	expected	that	the	shift	would	be	 larger.	There	 is	a	 shoulder	peak	on	 the	higher	wavelength	of	 the	 spectrum	which	at	this	stage	can	only	be	attributed	to	the	inhomogeneity	of	the	shell	thickness.	
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The	peaks	are	broad	in	both	the	shell	growth	time	of	8:00	and	40:00	samples	with	a	full	width	half	maximum	 (FWHM)	of	 180	 and	160	nm,	 respectively.	 The	broadness	 of	 the	peak	can	be	attributed	to	the	inhomogeneous	shell	growth	on	the	facet	as	discussed	earlier.	However,	 the	 difference	 in	 the	 FWHM	 of	 the	 two	 samples	 is	 not	 substantial,	 indicating	similar	inhomogeneity	in	the	composition.		Apart	 from	the	main	peak,	the	spectrum	for	the	thicker	shell	samples	also	shows	a	lower	 intensity	peak	around	800	nm	which	can	be	attributed	to	the	InGaP	axial	growth	as	shown	earlier	by	the	TEM	analysis.			
7.4.2	Optical	properties	of	ZB	In0.55Ga0.45As/In0.60Ga0.40P	core-shell	
heterostructures		Figure	 7.9	 shows	 the	 PL	 spectra	 for	 the	 50	 nm	 Au-seeded	 InGaAs	 nanowires	with	 InGaP	shell	 growth	 time	 of	 3:20,	 8:00	 and	 40:00.	 Only	 a	 single	 peak	 is	 observed	 for	 all	 three	samples.	 This	 is	 expected	 as	 no	 significant	 InGaP	 axial	 growth	 is	 observed	 for	 these	nanowires.	 The	 peak	 position	 and	 the	 FWHM	 is	 listed	 in	 Table	 7.3	 together	 with	 the	estimated	shift	from	the	unstrained	ZB	In0.55Ga0.45As		(1696	nm	or	0.73	eV).	
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Figure	7.9:		Normalized	PL	spectra	of	50	nm	Au-seeded	ZB	phase	In0.55Ga0.45As/In0.60Ga0.40P	with	shell	growth	time	of	3:20,	8:00	and	40:00.	
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Table	7.3:	The	PL	peak	position	for	the	InGaAs/InGaP	core-shell	nanowires	with	different	shell	growth	time.	
		With	 the	50	nm	Au-seeded	ZB	phase	 In0.55Ga0.45As,	 the	peak	 shows	 tunability	 shift	towards	 lower	wavelength	 in	 the	 range	 of	 1100	 to	 1300	nm.	This	 indicates	 that	 the	 shell	thickness	is	effective	in	providing	tunability	to	the	emission	wavelength	of	InGaAs	nanowire	core.	 Similar	 shoulder	 peak	 as	 observed	 with	 the	 30	 nm	 Au-seeded	 nanowire	 samples	indicating	 inhomogeneity	 in	 the	 shell	 thickness	 along	 the	 sample	 or	 between	 core-shell	facets	in	the	sample	as	observed	by	the	cross-sectional	TEM.	However,	an	improved	FWHM	is	 observed	 with	 the	 thickest	 shell,	 which	 could	 indicate	 a	 better	 uniformity	 with	 longer	shell	 growth	 time.	 Given	 the	 complexity	 of	 the	 system	 studied	 here,	 further	 studies	 and	modelling	will	be	necessary	to	ascribe	the	physical	origin	of	this	evolution	unambiguously.	
7.5	 Summary		In	 summary,	 the	 chapter	 has	 presented	 the	 growth	 of	 InGaAs/InGaP	 nanowire	 core-shell	heterostructures	 and	 their	 photoluminescence	 spectra	 showing	 luminescence	 peak	tunability	of	the	core	with	the	level	of	strain	induced	by	the	shell.	The	overall	shell	thickness	along	the	nanowire	is	observed	to	be	inhomogeneous	for	WZ	nanowires.	For	the	WZ	phase	InGaAs,	 the	 cross-section	 shows	 a	 more	 uniform	 shell	 along	 the	 facets	 although	 in	 some	nanowires,	a	change	of	facets	may	occur,	resulting	in	a	thicker	shell	on	one	set	of	facets.	For	the	ZB	phase	InGaAs,	the	shell	is	inhomogeneous	on	the	side	facets	due	to	planar	defects	in	the	sample	but	shows	a	rather	uniform	shell	 thickness	along	 the	nanowire	axial	direction.	The	30	nm	Au-seeded	WZ	nanowires	have	significant	InGaP	axial	growth	concomitant	with	the	 radial	 growth.	 The	 growth	 conditions	 still	 require	 optimization	 in	 order	 to	 ensure	
Shell	growth	time		 Peak	position	in	
nm	and	(eV)		
FWHM	(nm)	
	
Peak	shift	based	on	
unstrained	ZB	
In0.55Ga0.45As	in	nm	
and	(meV)	
3:20	 1330	(0.93)	 199	 366	(200)	
8:00	 1220	(1.01)	 147	 476	(280)	
40:00	 1120	(1.11)	 89	 576	(380)	
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thickness	and	composition	homogeneity.	Furthermore,	the	axial	growth	of	InGaP	promoted	during	 the	 radial	 shell	 growth	 should	 also	 be	minimized	 if	 only	 radial	 heterostructure	 is	required.	Nonetheless	 both	WZ	and	ZB	phase	 structure	 show	great	 promise	 in	 tuning	 the	wavelength	emission	of	InGaAs	nanowires	with	various	shell	thickness.		Room-temperature	PL	emission	 in	 the	 range	of	1260	 to	1420	nm	 is	demonstrated	for	WZ	 In0.60Ga0.40As/In0.60Ga0.40P	 core	 shell	 nanowire	with	 two	 different	 shell	 thicknesses	showing	about	190	and	300	meV	shift	from	the	expected	value	for	unstrained	In0.60Ga0.40As.	For	 ZB	 In0.55Ga0.45As/In0.60Ga0.40P,	 PL	 emission	 ranging	 from	1100	 to	 1330	nm	 is	 achieved	with	 different	 shell	 thicknesses.	 Peak	 shift	 up	 to	 380	 meV	 from	 the	 expected	 value	 for	unstrained	 In0.55Ga0.45As	 is	 observed	 for	 the	 thickest	 shell	 of	 ZB	 samples.	 Therefore,	 with	strained	 core-shell	 structure	 it	 is	 shown	 that	 tunability	 can	 also	 be	 achieved	 without	changing	 the	 composition	 of	 the	 core	 which	 can	 be	 beneficial	 once	 the	 optimized	 core	InGaAs	has	been	achieved.	
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Chapter	8	
Summary	and	future	outlook	
8.1	 Summary		This	 thesis	explored	the	growth	of	Au-seeded	InGaAs	nanowire	growth	 in	a	wide	range	of	growth	conditions.	While	there	is	still	significant	work	left	in	order	to	achieve	the	potential	applications	 described	 in	 Chapter	 1,	 this	 work	 has	 made	 important	 steps	 toward	understanding	 some	 of	 the	 fundamental	 issues	 including	 composition	 homogeneity,	controlled	crystal	phase	and	tunability	of	InGaAs	nanowires	emission	wavelength.		 Growth	 of	 defect-free	 zinc-blende	 (ZB)	 InGaAs	 nanowires	 is	 achieved	 by	 growing	using	 the	 two-temperature	 growth	 mode.	 	 The	 tapered	 morphology	 is	 reduced	 as	 the	growth	 temperature	 is	 lowered.	 In	 the	 low-temperature	 growth	 regime,	 high	 In	incorporation	rate	in	InGaAs	nanowires	is	observed	due	to	the	higher	diffusion	length	of	In	and	 reduction	 of	 TMGa	 decomposition	 at	 low	 temperature.	 Furthermore,	 a	 spontaneous	shell	 is	formed	via	the	vapour-solid	(VS)	mechanism.	Reducing	the	TMIn	flow	in	vapour	in	this	 two-temperature	 growth	 mode	 shows	 some	 degree	 of	 tunability	 of	 the	 alloy	composition	 in	 the	 core	while	maintaining	 a	 defect-free	 ZB	 phase.	 The	 spontaneous	 shell	maintains	a	high-In	content	regardless	of	the	reduced	TMIn	in	vapour.	The	difference	in	the	core	and	the	shell	compositions	contributes	to	the	inhomogeneity	of	composition	along	the	nanowire	axis.	High	composition	uniformity	can	be	achieved	when	the	InGaAs	core	has	an	In	
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content	of	about	95%.	This	limited	tunability	shows	that	the	growth	of	InGaAs	is	complex	in	the	 low-temperature	 growth	 regime	 where	 there	 is	 a	 fine	 balance	 between	 the	 roles	 of	decomposition	 and	 diffusion	 length.	 Nonetheless,	 the	 highly	 uniform	 high-In	 InGaAs	nanowires	with	defect-free	ZB	can	be	utilized	for	applications	in	the	near	infra-red	regime	as	an	alternative	to	InAs	which	is	known	to	be	plagued	by	current	leakage	issues.		 Single	growth	temperature	in	combination	with	several	V/III	ratios	are	investigated	to	provide	composition	and	phase	tunability	of	Au-seeded	InGaAs	nanowires	(chapter	5).	It	is	 found	 that	 at	 relatively	 high	 growth	 temperatures	 (500	 °C)	 the	 nanowire	 composition	significantly	 becomes	 more	 homogenous	 as	 observed	 by	 the	 EDX	 line	 scan	 along	 the	nanowire	and	by	the	cross-sectional	mapping	of	the	nanowire.	Varying	the	V/III	ratio	at	this	temperature	 leads	 to	 phase	 and	 composition	 (XIn	 =	 0.25-0.70)	 tunability	 within	 good	compositional	 homogeneity.	An	 increase	 in	V/III	 ratio	 allows	more	Ga	 to	 be	 incorporated	into	the	nanowires	and	at	the	same	time	increases	the	probability	for	ZB	phase	to	nucleate.	At	 high	V/III	 ratio	 pure	 ZB	phase	 of	 InGaAs	nanowires	was	 achieved.	 The	 increase	 in	 the	amount	 of	 ZB	 stacking	 within	 the	 nanowire	 is	 found	 to	 vary	 with	 Ga	 incorporation	 rate	where	 higher	Ga	was	 found	 in	 higher	 ZB	phase	 InGaAs	nanowires.	 This	 finding	 is	 further	confirmed	when	 Au	 seed	 particles	 of	 different	 size	 are	 used.	While	 nanowires	 seeded	 by	small	 diameters	 (10-30nm)	 have	 pure	 wurtzite	 (WZ)	 phase,	 nanowires	 seeded	 by	 larger	diameters	Au	seed	particles	(50	and	80	nm)	are	mainly	ZB	with	stacking	faults.	An	increase	in	the	amount	of	ZB	phase	is	also	accompanied	by	an	increase	in	Ga	despite	the	Au	particles	having	 a	 high	 concentration	 of	 In.	 Nonetheless,	 with	 the	 combination	 of	 relatively	 high	growth	 temperature	 and	 low	 V/III	 ratio,	 the	 nanowires	 can	 be	 grown	 with	 homogenous	composition	 and	morphology	 in	 pure	WZ	phase	 that	 are	 straight	with	 negligible	 tapering	and	 smooth	 sidewalls.	 Further	 characterization	 shows	 that	 the	 nanowire	 is	 of	WZ	 phase.	The	nanowires	continue	to	maintain	the	homogeneity	even	when	grown	for	a	substantially	longer	 time.	 The	 uniform	 In0.65Ga0.35As	 nanowires	 passivated	 with	 InP	 shell	 shows	photoluminescence	at	1.5	µm	indicating	a	strain	related	blueshift.		 Understanding	 on	 the	 growth	 of	 Au-seeded	 InGaAs	 nanowires	 is	 further	strengthened	 through	 a	 kinetic	 modeling	 approach.	 The	 kinetic	 approach	 fits	 the	experimental	 results	well,	 and	 provides	 an	 explanation	 of	 the	 factors	 governing	 the	 axial	growth	rate	and	the	composition	of	InGaAs	nanowires.	The	growth	of	InGaAs	nanowires	is	found	to	be	in	As-limited	regime	when	the	diameter	and	V/III	ratio	are	small.	Thus	in	these	two	cases,	the	axial	growth	is	limited.	The	In	content	in	the	nanowires	is	significantly	higher	
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than	 the	 nominal	 In-to-Ga	 provided	 in	 vapour	 due	 to	 the	 diffusion	 length	 of	 In	 which	 is	strongly	dependent	on	the	V/III	ratio.	The	Ga	diffusion	length	is	found	to	be	negligible	for	all	the	cases	investigated	indicating	that	the	Ga	mainly	comes	from	direct	impingement	on	the	nanoparticle.	 Hence	 to	 increase	 the	 amount	 of	 Ga	 in	 the	 nanowire	 solid,	 the	 growth	condition	should	provide	more	Ga	adatoms	such	as	by	increasing	the	growth	temperature	to	provide	more	decomposition	of	TMGa.	 Furthermore,	Ga	may	also	 increase	when	 the	V/III	ratio	is	high	due	to	the	lowering	of	In	diffusion	length.	This	finding	shows	that	the	growth	is	group	 III	 limited	when	 the	V/III	 is	 high	 and	 the	diameter	 is	 large.	This	 insight	provides	 a	better	 view	 of	 the	 growth	 in	 general	 and	 should	 serve	 as	 a	 ground	 for	 further	 studies	 to	understand	the	complex	mechanisms	involved	during	the	growth	of	ternary	nanowires.		Successful	growth	of	InGaAs	nanowires	can	be	challenging	and	complex	as	there	is	only	a	small	growth	windows	for	this	to	happen.	The	growth	window	for	successful	growths	of	uniform,	high	purity	phase	InGaAs	nanowires	is	highly	likely	to	change	with	the	change	in	composition	 thereby	 making	 it	 challenging	 to	 tune	 the	 composition	 of	 InGaAs	 while	maintaining	the	high-quality	crystal	structure.	Hence,	another	method	of	accessing	bandgap	tunability	 is	 essential	 such	 as	 applying	 strain	 to	 the	 core-shell	 structure.	 The	 growth	 of	strained	InGaAs/InGaP	core-shell	nanowires	is	discussed.	Growth	on	the	WZ	phase	InGaAs	shows	 inhomogeneity	 in	 shell	 thickness	along	 the	nanowire	while	growth	on	defective	ZB	shows	inhomogeneity	at	the	side	facets.	Nonetheless,	the	bandgap	emission	from	the	InGaAs	core	 can	 be	 tuned	 within	 a	 broad	 range	 of	 interest	 from	 around	 1100	 to	 1420	 nm	 by	changing	 the	 shell	 thickness	 as	 a	 result	 of	 strain-induced	 blueshift.	 This	 technique	 is	promising	for	extending	the	range	of	InGaAs	nanowires	in	the	near	infra-red	applications.	
8.2	Future	Outlook		Based	on	the	results	obtained	in	this	thesis,	there	are	few	suggestions	that	can	be	made	for	future	work,	which	can	provide	a	deeper	understanding	and	a	wider	range	of	composition	tunability	 of	 Au-seeded	 ternary	 nanowires.	 Firstly,	 TMIn/TMGa	 flow	 ratio	 in	 the	 two-temperature	growth	method	is	shown	to	affect	the	core	composition.	Therefore,	if	the	radial	growth	 can	 be	 controlled	 by	 other	means	 such	 as	 in-situ	 HCl	 or	 HBr	 etching	 [1],	 [2],	 the	nanowires	can	be	more	uniform	in	composition	and	morphology.		
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Mass	 transport	 is	 found	 to	 affect	 the	 growth	 substantially	 and	 thus	 needs	 to	 be	controlled	 in	 such	 a	way	 that	 the	 growth	 should	 be	 in	 the	 regime	where	 diffusion	 length	plays	 a	 limited	 role	 (e.g.,	 high	 density	 nanowires).	 Relatively	 high	 growth	 temperature	should	 provide	 a	 better	 proportion	 of	 the	 competing	 group	 III	 species	 and	 eliminate	 the	possibility	of	decomposition	 issues.	Tunability	with	high	compositional	homogeneity,	pure	crystal	 phase	 and	 uniform	 composition	 supposedly	 can	 potentially	 be	 achieved	 with	 by	varying	 the	TMIn/TMGa	supply	 ratio,	which	has	not	been	explored	 in	detail	 for	 the	single	temperature	growth.	To	extend	the	growth	understanding	of	alloy	systems,	a	quaternary	system	such	as	InGaAsP	 can	 be	 explored.	 Potentially,	 the	 effect	 of	 group	 V	 on	 the	 growth	 of	 quaternary	system	could	be	also	of	 interest	due	to	 its	profound	effect	on	the	crystal	phase	as	recently	reported	 [3],	 [4].	 Hence,	 having	 two	 group	 V	 species	 could	 bring	 interesting	 and	 new	understanding	towards	growth	of	alloy	semiconductor	nanowires.	Figure	8.1	is	the	result	of	a	preliminary	growth	of	 InGaAsP	nanowires	showing	a	complex	 irregular	morphology	due	to	 a	modulation	 of	 the	 faceting	 along	 the	 nanowire.	 High	 resolution	 TEM	 shows	 that	 the	nanowire	has	a	 self-modulated	crystal	phase	along	 the	axial	direction	with	pure	ZB	phase	and	As-rich	defective	regions.	
	
Figure	 8.1:	 a)	45º-tilted	FESEM	 image	of	 InGaAsP	nanowire	with	nominal	 composition	of	In0.30Ga0.70As0.40P0.60.	 b-c)TEM	 image	 of	 the	 InGaAsP	 nanowire	 showing	 clear	 rotation	 of	facets	 in	<110>	and	<211>	zone	axis	respectively.	d)	HRTEM	of	 the	transitional	area	 from	defective	region	to	pure	ZB	phase	as	zoomed	in	from	the	red	box	in	b).		e)	EDX	spot	analysis	along	the	nanowire.	For	the	future	work,	the	growth	model	can	also	be	extended	to	further	understand	the	 evolution	 of	 the	 crystal	 structure	 and	 the	 composition	 of	 the	 radial	 growth.	 The	
8.	Summary	
	
	
	 155	
	
understanding	gained	from	such	model	should	be	beneficial	not	only	for	growth	control	of	InGaAs	nanowires	but	also	 for	other	 ternary	and	possibly	quaternary	alloy	semiconductor	nanowires	as	well.		Core-shell	 structures	 as	 presented	 in	 this	 thesis	 show	 that	 the	 luminescence	properties	can	be	enhanced,	and	strained	core-shell	structure	can	provide	tunability	of	the	wavelength.	 In	 particular,	 InGaAs/InGaP	 core-shell	 structure	 can	 be	 further	 investigated	with	a	variation	of	InGaP	composition,	which	can	provide	a	way	of	tuning	the	strain	imposed	on	 the	 core	 InGaAs	 nanowires.	 Improving	 InGaP	 shell	 with	 different	 compositions	 will	provide	more	 room	 for	 bandgap	 tunability	 while	 maintaining	 high	 structural	 and	 crystal	qualities	(e.g.	minimal	defects).		A	deeper	understanding	on	 the	 luminescence	properties	 of	 the	 strained	 core-shell	and	 the	 origin	 of	 peaks	 can	 be	 further	 studied	 using	 a	 spatially	 resolved	 PL	 or	cathodoluminescence.	 Detailed	 studies	 can	 also	 be	 accompanied	 with	 a	 modelling	calculation	of	the	bandstructure	to	further	understand	the	effect	of	strain	on	the	band	gap	of	the	complex	ternary/ternary	alloy	semiconductor	core-shell	structure.	Lastly,	 the	optimized	 InGaAs	nanowires	presented	here	 can	 further	be	utilized	 for	device	 applications.	Doping	 of	 the	 nanowire	 can	be	 explored	 to	 realise	 p-i-n	 junctions	 for	photodiodes	and	photovoltaics.												
8.	Summary	
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